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INTRODUCTION 
Less is known about the amino acid nutrition of ruminant animals 
compared with other livestock species. This is because the quantity and 
quality of amino acids available for absorption from the intestine in 
ruminants is not totally that of dietary protein, but consists of the 
bacterial and protozoal protein synthesized within the rumen, plus a 
varying quantity of undegraded feed protein passing from the rumen, 
McDonald and Hall (1957) and Weller e_t £l. (1958, 1962) have shown 
that in most instances the greater part of the protein digested and ab­
sorbed by ruminants is of microbial origin. Studies by Holmes, Moir, 
and Underwood (1953); Purser and Buechler (1966); and Bergen, Purser, 
and Cline (1968) indicate that the quality of mixed rumen microbial protein 
is relatively constant. 
A new system, with the expression "metabolizable protein or metaboliz-
ablc amino acids," has been proposed by Burroughs et (1971b) for future 
usage in ruminant nutrition. It is defined as the quantity of protein 
digested or amino acids absorbed in the intestine of ruminants. This 
system demonstrates a practical need for knowing the quantity of microbial 
protein produced in the rumen and the amount of feed protein escaping 
ruminai digestion. In this system the value used as an estimate of the 
maximum amount of microbial protein leaving the abomasum of cattle is 51.2 
grams per kilogram of feed concentrate dry matter consumed, or 25.6 grams 
of microbial protein in the case of roughages. These estimated values 
are the result of indirect computations from cattle growth and nitrogen 
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balance data, so the accuracy is open to question,. To improve the ac­
curacy and acceptability of this system, research involving more accurate 
direct estimation of the degree of microbial synthesis in the rumen is 
needed. 
The amount of microbial protein synthesis daily in the rumen is de­
pendent on two factors: 1) The amount of organic matter fermented in the 
rumen and, 2) The efficiency with which energy (ATP) released from 
fermentation is utilized for microbial growth. A common method of esti­
mating the quantity of dietary organic matter fermented has been to calcu­
late the apparent amount of disappearance of dietary organic matter from 
digesta in the rumen and other stomach compartments. 
The lack of a significant amount of information on the ruminai syn­
thesis of protein can partly be contributed to difficulties that have 
existed in measuring the extent of digestion in the rumen, the quantities 
of metabolites produced during digestion and the composition and rate of 
flow of digesta from the rumen (Hogan and Weston, 1967). However, reason­
ably reliable techniques, available the last several years, now permit 
the appropriate measurements to be made. 
The main objective of the research presented in this thesis was to make 
a quantitative estimation of the amount of ruminai microbial protein synthe­
sis in calves. The influences of dietary variables such as carbohydrate 
source, level of feed intake, frequency of feeding and method of urea 
supplementation were studied in relationship to protein synthesis in the 
rumen. 
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LITERATURE REVIEW 
A review of the literature reveals that research involving measure­
ments on the quantity of microbial protein synthesized in the rumen has 
been very limited until the last 7 years. Before that time only very 
indirect measurements or estimations had been made in this area. The 
increase in more reliable information made available the last several 
years has been partially due to application of more sophisticated research 
techniques» Because the types of techniques used for this work is an im­
portant consideration in assessing the validity of the data obtained, a 
review of techniques used will be included with this review of reports 
on the amount of ruminai microbial protein synthesis. The major amount 
of research in this area has been conducted using sheep as experimental 
animals. Since rumen physiology in this species is similar to the bovine, 
this information will be reviewed in this thesis and will be generally 
accepted as pertaining to the bovine, due to absence of information to 
the contrary. 
Hogan and Weston (1967) estimated rumen microbial protein synthesis 
in sheep. Their experimental animals were fed every three hours either 
a high (19.8%) or low (7.8%) protein diet consisting of hay, corn and 
a protein supplement. Dietary lignin and an infused radioactive chromium 
complex of ethylenediaminetetra-acetic acid (^^Cr-EDTA) were used as a 
reference substance to calculate the flow of digesta from the rumen to the 
abomasum. The protein synthesis estimates were made from material col­
lected at the abomasum by assuming that; 1) 1 g/day of endogenous nitrogen 
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was secreted into the abomasum, 2) the non-ammonia nitrogen in the aboma&um 
is mainly microbial nitrogen, and 3) microbial cells contain 10.5% nitro­
gen. Daily microbial crude protein synthesis was equivalent to 15 g per 
100 g organic matter digested in the rumen for the high protein diet. 
For the low protein diet this value was 15,6, The authors believed 
that these values were likely to be an overestimate since some of the 
nitrogen reaching the abomasum was of dietary origin. 
Hogan and Weston (1969) estimated the amount of bacterial nitrogen 
(N) synthesized in calves fed twenty-three widely differing pasture 
plant diets. Bacterial N was estimated using the technique described 
by Weller £t £l, (1958, 1962). This technique takes advantage of the 
fact that diaminopimelic acid (DAP) is present in many types of bacteria 
but is absent from plant and protozoa cellular material. It involves 
estimating the amount of DAP in digests and the ratio of DAP;N in mixed 
rumen bacteria; the amount of bacterial N in digesta can be calculated 
from these values. Rumen bacteria from sheep fed four widely differing 
diets were analyzed and found to contain from 35 to 46 mg DAP/g bacteria 
N, A mean value of 41 mg/g bacteria N was then used for all calculations. 
These workers then estimated that 3,7 g bacteria N (23,2 g bacteria crude 
protein) was synthesized for every 100 g organic matter apparently di­
gested in the rumen. This value was higher than their previous estimate 
(Hogan and Weston, 1967) which they speculated might have been due to a 
much lower rumen dilution rate in that study. 
The most complete direct measurements of ruminai microbial protein 
synthesis vivo were conducted by Hume (1970a,b ), Hume _et al. (1970) 
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and Hume and Bird (1970). Sheep with permanent cannulas located in the 
rumen and omasum were fed at two-hour intervals with one of a series 
of virtually protein-free diets in which urea provided 2.5, 5, 10 and 
19% crude protein equivalent. To maintain the sheep in constant N status 
while varying the dietary N intakes, casein was continuously infused into 
the abomasum. 
Polyethylene glycol was used as a reference to estimate the rate of 
digesta flow from the rumen and samples for estimation of protein syn­
thesis were obtained from the omasum. Protein values were estimated by 
multiplying tungstic acid precipitated N by 6,25. Yields of microbial 
protein increased from 9,1 g to 13.3 g/100 g organic matter apparently di­
gested in the rumen, as N supplements increased. The 10% crude protein 
levels resulted in near maximum bacterial yields. The production of pro­
tein in the rumen was increased from 32.5 to 50 g/day by increasing N sup­
plementation. The amount of organic matter digested in the rumen was not 
discussed. However, if calculations are made from Lue data supplied, it 
is revealed that percentage organic m^itter digested in the rumen was 68.2, 
71.0, 66.Ô and 63.3 with increasing levels of N intake, respectively. This 
decrease is surprising since other research has shown that levels of crude 
protein above 8% are needed by rumen microorganisms for maximum digestion 
Ho et al^., (1962). 
In subsequent investigations using the same techniques as discussed 
above, Hume (1970a,b) studied the effect of adding to the diet mixtures 
of branched-chain volatile fatty acids (VFA) and the addition of purified 
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proteins on the amount of microbial synthesis. The addition of a 10 g mix­
ture of branched-chain VFA to the purified diet of sheep increased the 
microbial protein from 12.5 g to 13.4 g/100 g organic matter digested in 
the rumen and the percentage organic matter digested in the rumen in­
creased from 74.2 to 78.6. The addition of the branched-chain VFA's did 
not result in any appreciable increase in the efficiency of protein pro­
duction. Hume (1970a) hypothesized that factors other than branched-
chain VFA such as natural proteins are essential for maximum protein 
production in the rumen. 
Thus, in the following experiment Hume (1970b) studied the effects 
of adding purified proteins to the urea, branched-chain VFA supplemented 
purified diets which were fed to sheep. The author theorized that the 
added purified protein would supply additional growth factors, such as 
amino acids, that would promote enhanced microbial protein synthesis. 
The purified proteins added separately to the sheep diets were casein, 
gelatin and zein. Casein and gelatin are soluble and zein is relatively 
insoluble in rumen fluid. Hume assumed that all the casein and gelatin 
was hydrolyzed in the rumen. He measured zein passage from the rumen by 
solubilizing the zein in digesta samples with 80% ethanol. He found 
that only 13% of the zein was degraded in the ïuiûêu, Froteiii synthesis 
per 100 g organic matter digested in the rumen was 17.1, 19.8, 23.3 and 
22.5 g for the urea, gelatin, casein and zein supplemented diets, re­
spectively. Calculations using the data supplied show percentage of 
organic matter apparently digested in the rumen varied between 58 and 71 
for the different diets, with no relationship to protein quality observed. 
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The author theorized that microbial protein synthesis in the gelatin -
fed sheep may have been limited by the slow rate of synthesis of one or 
more amino acids by rumen bacteria, since gelatin is deficient in several 
amino acids including methionine. The microbial protein production was 
greater for both the casein and zein diets as compared to the gelatin 
and urea diets because of a more efficient utilization by the microbial 
population of the ammonia released in the rumen. 
In a fourth experiment (Hume and Bird, 1970) studied the effect of 
sulfur supplementation. When sulfur (S) intake was increased from .61 g/ 
day (N/S=34) to 1.95 g/day (N/S=10.9), microbial protein production in 
the rumen increased from 82 g/day to 94 g/day. Additional sulfur had no 
effect. 
An overall observation of the results reported by Hume and co­
workers shows that the average amount of protein synthesis varied con­
siderably during the four different experiments when the same dietary 
treatments were repeated. No explanation for this was given. 
Mathison and Milligan (1971) estimated microbial synthesis in the 
rumen following separation of microbial and feed protein in digesta sam­
ples by an elaborate technique. ^^NH^Cl was continuously infused into 
the rumens of sheep. Ruminai and abomasal digesta was strained through 
cotton cloth to remove plant debris. Bacteria and protozoa were separated 
from the liquid fraction by differential centrifugation. Plant residue 
was washed and microbial protein remaining was estimated by ^^H^Cl content 
based on ^%H4C1;N ratio in the microbial fractions. Plant N to lignin 
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and plant dry matter (DM) to lignin ratios in the plant residue were used 
to calculate abomasal N and DM flow based on abomasal digesta lignin con­
tent, Microbial N and DM was then determined by the difference between 
total N and DM flow and plant residue N and DM flow. Microbial crude pro­
tein synthesis was estimated to be between 10.6 and 17.25g/100 g DM digested 
in the rumen. The upper value was calculated on the assumption that the 
soluble N passing through the abomasuiii, after correction for gastric juice, 
was primarily of microbial origin. The upper value was believed to prob­
ably be closer to the actual growth taking place in the rumen. A barley 
diet fed supported 1.1 to 1.3 times more synthesis of microbial protein 
than a hay diet used. 
Hogan and Weston (1971), again using DAP as a marker of bacterial 
protein, reported a maximum bacterial crude protein synthesis of 22-23 g/ 
100 g plant organic matter digested when alkali treated straw with urea 
was the diet. Yields were similar at high and low levels of intake with 
the yield less (ib.W) at a medium level of intake. The percentage of 
plant organic matter digested in the rumen was 63-69%; the lesser figure 
corresponding with the high level of intake. 
Lindsay and Hogan (1972) studied the bacterial synthesis and ruminai 
digestion in defaunated and normal sheep with abomasal fistulas, using DAP 
as an indicator. Only small changes in ruminai digestion were noted 
as a result of defaunating. Their results show that 23 g of bacterial 
crude protein were synthesized in the rumen of defaunated sheep for each 
100 g of hay organic matter digested. A lower yield of bacterial synthesis 
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per unit of digested organic matter was obtained in the presence of 
protozoa, but the full extent of the decline could not be excessed with­
out data on the quantity of protozoal organic matter synthesized. They 
expected this reduced yield because they believed some of the bacterial 
protein was ingested and metabolized by protozoa and because less of the 
digestible dietary organic matter is digested by the bacteria in the 
presence of protozoa, competitors for the substrate. 
Orskov e_t a_l. (1971) reported a value of 15.6 g bacterial protein 
synthesis/100 g organic matter apparently digested in the rumen. They 
analyzed abomasal digesta for DAP and estimated bacterial protein content 
using an average figure for protein:DAP ratio reported by Hutton et ^ 1. 
(1971) for rumen bacteria. The amount of digestion in the rumen in­
creased and microbial yields per 100 g digested decreased as nitrogen sup­
plementation was increased. Since others have reported bacterial yields 
increases as nitrogen supplementation increases, they questioned the 
accuracy of the method used to determine bacterial synthesis. 
Ibrahim and Ingalls (1972) used diaminopimelic acid in bacteria and 
aminoethylphosphonic acid in protozoa as markers to estimate microbial 
protein synthesis in the rumens of dairy cows. Total amounts of amino 
acids passing to lower gut with lignin as a marker were 882 and 937 g 
daily when the semipurified diets without and with diethylstibestrol (DES) 
and 1,108 and 1,271 g daily when conventional diets without and with DES 
were fed, respectively. If one assumes that the diet fed was approxi­
mately 90% dry matter, 9.8 and 10.4 g microbial protein was synthesized 
per 100 g of dry matter intake of the semipurified diets without and with 
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DES, respectively. The amount of dry matter that left the rumen was not 
estimated; however if 607» of the dry matter was assumed digested in the 
rumen (Nicholson and Sutton, 1969), 16,3 and 17,3 g microbial protein 
was synthesized per 100 g dry matter digested. 
Considerable research has been conducted to measure microbial pro­
duction using vitro fermentation techniques. Great variation in re­
sults has occurred when different variables, representing artificial 
conditions, have been studied. Smith and Baker (1944) recovered 6.4% of 
the substrate as microbial cells when rumen liquor was inoculated with 
17o maltose. In an experiment with .21% maltose, cell yield jumped to 
17% of the substrate. Hungate (1963) obtained a value for cell yields of 
11.4 - 14.3% when cellobiose was fermented in pure batch cultures of 
Ruminococcus albus. In continuous cultures the cell yield was 21.3%. 
One effect of dilution rates has been shown by studies in which the amount 
of dry cells synthesized increased from 10 to 20 grams as dilution rate 
increased (Hobson, 1965; Hobson and Summers, 1967). These in vitro ex­
periments indicate that bacterial protein yields from fermentation vary 
with species of microorganisms present, substrate concentration, type 
of culturing system used, and dilution rates. On that basis, it is felt 
that rumen conditions cannot be sufficiently duplicated vitro in 
Older for good quantitative measurements of microbial protein production 
to be made that would relate to actual rumen environment. So further in 
vitro measurements of this type will not merit review in this thesis. 
According to Hungate (1966) the amount of microbial cell synthesis 
depends on two things: 1) the usable high energy compounds that can be 
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derived from the substrate (expressed as ATP) and, 2) the amount and 
nature of intermediates which can be synthesized into microbial cells. 
In the rumen, where most of the substrate is carbohydrate, the energy 
yielding material and the material transposed into cells is the same. 
Bauchop and Elsden (1960) showed that 10,5 g of dry cells could be 
synthesized per mole of ATP (Yy^^p) generated by microbial fermentation. 
These values were obtained with non-ruminant aerobic bacteria. Hobson 
and Summers (1967) found that Bacteroides amylophilus had a Y^^P value of 
20 and Bacterium 5S, a rumen lipolytic bacteria, had a YATP value of 
10 or 15 depending on whether the energy source was glycerol or fructose. 
Payne (1970) reviewed the Y t^p subject and noted that a sufficient 
number of workers have confirmed the Y^-pp value of approximately 10.5. 
He also stated that the question of the number of moles of ATP produced 
by cells growing at low substrate concentrates could still be disputed. 
A higher ATP yield may result in mixed cultures of rumen bacteria than 
as compared to puic cultures uue to a greater rromber of ATP-yielding 
reactions (Hungate _et al., 1971). 
Walker and Nader (1970), from in vitro calculations^estimated that 
maximum true protein/ATP arises 20-24 hours after feeding and is 5.9 g 
protein per mole of ATP. The expected value was 6.0 - 6.5 based on the 
Yatp yield of 10 - 15 calculated by Eldsden and Bauchop and assuming bac­
terial cells contain 60% true protein. Walker and Nader thought the 
yield was slightly underestimated since in the later stages of digestion 
cellulose provides the major source of energy and breakdown of this com­
pound provides about 13% more energy than does breakdown of simple sugars. 
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due to the phosphorolysis rather than hydrolysis of cellobiose. Their 
calculations indicated that under energy limiting conditions total rumen 
population behaves as do the individual pure cultures studied in respect 
to energetics of growth. These workers found a production of 10 g of 
true protein/mole of VFA generated by fermentation. Walker (1965) cal­
culated that fermentation of 100 g of carbohydrate gives 1.24 moles of 
acetate or propionate, or 1.18 moles of VFA if 107, of the total VFA is 
butyrate. Using these values Walker and Nader (1970) calculated a daily 
yield of 14.4 g microbial crude protein/100 g organic matter digested in 
the rumen. This yield is equal to 11.7 g microbial true protein assuming 
bacterial crude protein is approximately 80% true protein (Smith, 1969). 
Walker (1965) calculated the same amount of ATP released from the 
production of acetic acid as propionic acid. However, Hume (1970b) re­
ported a negative correlation (-.65) between the production of acetic 
acid in the rumen and microbial protein synthesis. A similar finding by 
ibiiuque eL ax. ^i.??!) iiiuxcciteci à positive correlation between propionic 
acid production and microbial protein synthesis based on differences in 
the DAP content of digesta entering the intestine. Ishaque e_t al, ex­
plained his results on the basis of the report of Hobson and Summers (1967) 
that amylophilus and S. ruminantium, two bacterial species important 
in the production of propionic acid had a yield about twice as high 
as other species, indicated a greater efficiency of bacterial production 
under conditions favoring growth of these or similar species in the rumen. 
Ishaque £t al. (1971) noted that when the relative proportion of propionic 
13 
acid was high in rumen fluid the portions of both acetic and butyric 
tended to be low. 
Both the microbial species in the rumen and the ratios of VFA in 
the rumen are influenced by the chemical composition, physical form, and 
in some circumstances the amount of the diet (Hungate, 1966), Eadie et 
al. (1970) reported that cattle receiving barley cubes to 80% of the 
limit of appetite had a high proportion of butyric acid in the rumen 
associated with a large population of ciliate protozoa. With barley cubes 
given ad libitum there was a high proportion of propionic acid, a reduc­
tion in the number of protozoa and an increase in the bacterioides-type 
rods and certain curved gram-negative rods. Virtanen (1966) reported a 
drastic reduction in protozoa numbers accompanied with increased bac­
terial numbers in the ruminai contents of cows fed protein-free diets. 
He implied this was due to urea and related this to a greater bacterial 
synthesis of protein, but it has been shown (Oltjen et a]^., 1966; Giesecke 
ct al., 1966^ SlytcîT ct al., 1968) tliat tué ïumiual uigcsta of cattle fed 
purified diets are frequently devoid of protozoa and contain increased 
bacterial concentrations. This is true for protein-containing diets as 
well as NPN-containing purified diets. 
Little information is available on the relative contributions of bac­
teria and protozoa to the total synthesized protein that leaves the rumen. 
In the studies by Weller e_t al. (1962) the ratios of protozoal N to bac­
terial N in rumen content with two roughage diets, wheaten hay and lucerne 
hay, were, respectively, approximately 1:10 and 1:4, whereas Hungate (1966) 
reports that with ruminants fed on grain, 40% of the nitrogen in rumen 
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contents may be accounted for in protozoa. Microbial counts suggest 
that the ratio of protozoa to bacteria in rumen contents is lower with 
roughage diets than with diets containing corn (Walker, 1965). 
The synthesis of microbial protein in the rumen is closely connected 
with the metabolism of carbohydrates and protein which provide the energy 
and carbon skeleton necessary for ammonia fixation. A tentative scheme 
is outlined by Bruggeman and Giesecke (1967). 
Early work involving mainly i^ vitro measurements were generally on 
the degree of urea and ammonia utilization or the degree of carbohydrate 
digestion. These parameters would be directly related to the amount of 
microbial protein synthesized in the rumen (Hungate, 1966). 
Some research has indicated that a readily fermentable carbohydrate 
is required for utilization of NPN for microbial growth and that cellulose 
and other carbohydrates present in roughage will not serve the purpose. 
McNaught and Smith (1947), Reid (1953), Loosli (1958), Arias e^ al. (1951), 
Chappell and Fontenot (19fa8), and Ellis and Pfander (1958) showed chat 
small amounts of readily available carbohydrates (sugars and starch) aided 
cellulose digestion, which in turn increased urea utilization; whereas 
large amounts of such material inhibited cellulose digestion. When low 
levels of readily available carbohydrates were supplemented to natural 
rations generally there was little, if any, effect on cellulose digestion 
(Hoflund jil,, 1948; Brooks, 1954; and Hemsley and Moir, 1963). 
Results from vivo experiments by Mills e_t (1942), Mills et 
(1944) and Lewis and McDonald (1958) and from in vitro studies by Pearson 
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and Smith (1943) and McNaught (1951) indicated that starch is more ef­
fective in promoting ammonia utilization than are soluble sugars. 
In vitro experiments conducted by Belasco (1954) indicated that urea 
was superior to natural proteins for improving cellulose digestion. 
Similar vivo observations were reported by Chapula et al. (1963). 
Considerable research in the past has indicated that heating starch 
increases its value as a substrate for microbial growth. McNaught (1951) 
showed that cooking potato or corn starch resulted in increased protein 
synthesis vitro. The use of cooked starch promoted more protein syn­
thesis than did simple sugars. Salsburg _et al. (1960) subjected corn 
starch to various heat treatments and then used it as a substrate for 
rumen microorganisms. Starch autoclaved in the presence of water was 
more readily digested than dry-heated starch. Helmer and Hartley (1971), 
after reviewing numerous experiments in this area reported that research 
indicates that steam processing or cooking makes grain starch more di­
gestible and increases the availability of energy to rumen microorganisms. 
Burroughs al. (1951) studied urea utilization in absence of con­
ventional proteins, with casein and gelatin and hay protein. Their re­
sults were interpreted on the basis that nitrogen needs of microorganisms 
are relatively simple in nature, essentially involving only ammonia and 
not more complex forms of N such as amino acids. Benefits of natural pro­
tein to cellulose digestion were noted and thought to come from energy 
and minerals supplied from the proteins. In contrast, Hume (1970b) re­
ported more microbial protein was synthesized when zein or casein was 
added to a basal diet in which all N was supplied by urea. Gelatin 
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addition gave no response, so benefits from casein and zein were explained 
on the basis of improved amino acid nutrition of rumen bacteria. 
Trenkle (1958) showed that alanine, methionine and proline increased 
cellulose digestion in a washed suspension of rumen microorganisms and 
also improved liveweight gains of lambs fed purified diets but was of no 
value when diets were natural. 
Gil e_t (1973) showed DL-methionine and methionine hydroxy analog 
stimulated bacterial protein synthesis iji vitro when substrates were either 
scarch, glucose or cellulose and urea was the N source. Adding sulfate 
had no effect on bacterial growth. 
Bunn et éd. (1968) reported additions of alfalfa meal caused marked 
changes in the floral population of lambs (increase in lactic acid and 
propionic acid producing bacteria which are favored by high levels of 
readily available carbohydrates). Additions of supplemental amino acids 
to the basal urea containing purified diet improved growth to equal the 
basal plus 5% alfalfa diet. N balance values indicated that the results 
were not mediated via direct utilization of the supplemental amino acids 
by the animal. 
In vitro experiments by Belasco (1954) indicated that urea was su­
perior to soybean meal, cottonseed, linseed, and corn gluten in improving 
cellulose digestion and similar observations were reported by Chalupa e_t 
al. (1963). 
Most species of cellulose digesting bacteria in the rumen can utilize 
ammonia and certain of them have an absolute requirement for their nitro­
gen to be in this form (Bryant and Robinson, 1962). However, many of 
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these species have requirements for branched-chain VFA (Allison et al., 
1962). Since these branched-chain VFA are produced by deamination of the 
respective amino acids, these may become a limiting factor if the dietary 
protein is replaced by urea. Moir (1965) has suggested that under condi­
tions where urea is the only exogenous source of nitrogen there must be a 
reasonable turnover of microbial protein within the rumen. This then 
would maintain a supply of amino acids and, hence, of branched-chain VFA 
required by cellulytic bacteria. This view is supported by his observation 
that branched-chain VFA were still maintained at reasonable levels in the 
rumen of sheep which were fed a diet of cotton linters and urea, virtually 
free of protein. Certain amylolytic species of bacteria have been shown 
to utilize ammonia for growth as sole source of nitrogen without requiring 
VFA (Bryant and Robinson, 1962, and Phillipson et al., 1962). Small ad­
ditions of starch to cellulose-urea diets seem to favor production of 
branched-chain VFA in the rumen (Moir, 1965). This effect may explain why 
small additions of starch have been shown to increase cellulose digestion 
in vitro. 
The ability of ruminai bacteria to utilize ammonia depends on the 
simultaneous availability of other nutrients required for the synthesis 
of their cellular components (Schwartz, 1967). Bloomfield _et £l. (1960), 
reported that urea hydrolysis in the rumen proceeds at a rate of about 
four times faster than corresponding uptake of ammonia nitrogen by rumen 
microorganisms. A number of attempts have been made to decelerate urea 
hydrolysis in order to improve bacterial synthesis in the rumen. Work 
with urease inhibitors (Streeter et al,, 1969; Glimp and Tillman, 1965) 
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and chemically coating urea (Ward and Cullison, 1970; Johnson et al., 
1962) have not yielded positive results. 
A number of studies have, however, shown that a slow ammonia release 
or the maintenance of a uniform ammonia level in the rumen throughout the 
day is desirable. Deif et £l, (1970), noted improved nitrogen retention 
by dosing sheep with urea at increased frequency. Knight and Owens (1973) 
conducted a nitrogen retention experiment with sheep in which urea was in­
fused into the rumen for 0-, 1-, 3- or 12-hour intervals repeated every 12 
hours. Diets were fed every 12 hours and contained either 60, 65, or 757» 
TDN. With the medium and low energy diets, the three-hour Infusions 
proved to be slightly superior, but not significantly significant, with 
respect to N retention. With the high energy diets, one-hour or rapid 
infusion proved superior. 
Bloomfield et a_l. (1961), reported increased urea utilization when 
sheep were fed 16 times versus 2 times per day in a nitrogen retention 
study. Campbell _et a^. (1963), reported a significant increase in body 
weight gain and feed efficiency when a urea supplemented diet was fed 6 
times as compared to 2 times per day to dairy calves. The number of feed­
ings per day had no effect when the nitrogen supplement was soybean meal. 
A number of trials have shown that frequent feeding improves weight 
gain in sheep (Gordon and Tribe, 1952; Moir and Somers, 1957; Rakes et al., 
1961). Feeding 10 times per day instead of twice resulted in a 25% 
increased gain (Putman £t £l., 1961) in heifer calves. In this experiment 
the number of protozoa was significantly greater in frequently fed 
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animals. A steadier supply of ammonia nitrogen is seen as an explanation 
for the greater value of feed consumed continuously (Rakes et a^., 1961). 
Gordon (1961) observed that sheep ruminate more when frequency of feeding 
is increased. Knox and Ward (1961) noted that the relative proportions 
of propionic and butyric acid in the VFA pool in the rumen were higher with 
more frequent feedings. Knight and Owens (1973) stated that frequent 
feeding of the carbohydrate portion of a diet may improve urea utilization 
through either ruminai pH modification, ruminai retention of ammonia or 
by enhanced bacterial growth and N retention. They point out that it can 
be a mistake to interpret frequent feeding studies with respect to ammonia 
release alone, despite confounding influence of simultaneous energy intake. 
Helmer £l. (1970a,b) utilized a mixture of finely ground grain and 
urea that had been processed through a cooker extruder under moisture, 
temperature, and pressure conditions that caused almost complete starch 
gelatinization. This product called "Starea" was found to be superior to 
a mixture of urea and unprocessed grain as a protein supplement for dairy 
cattle. An in vitro study by Helmer et al. (1970b) observed that Starea 
supplements markedly reduced ammonia and increased microbial protein con­
centrations compared with urea and unprocessed grain. Their work sug­
gested that the reacting of starch and urea during processing resulted 
in a product that affects the rate of ammonia release from urea. Ac­
cording to Muhrer et al. (1968), urea and starch become chemically com­
bined when heated under pressure, causing the nitrogen to be released 
more slowly than from urea. 
20 
Martin _et al. (1969), observed that feeding of TL bentonite to 
sheep with high roughage diets improved nitrogen utilization. Results 
of an in vitro trial they conducted suggested that bentonite might absorb 
ammonia from solution when the concentration in rumen fluid is high. They 
theorized that if the absorbed nitrogen was released at a later time, 
when its concentration in rumen fluid decreases, protein synthesis 
could be extended over a longer time period. 
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EXPERIMENTS 
The results of the experiments reported in this thesis are on file 
with the Ruminant Nutrition Section of the Department of Animal Science 
at Iowa State University. Experiments are listed under Cattle Experiments 
843 and 845. 
Experiment-843 
The main objective of this experiment was to measure the amount of 
ruminai microbial protein synthesis in calves in relation to the amount 
of feed consumed or digested in the rumen. Another objective was to 
study the influence of dietary variables, such as carbohydrate source, 
level of feed intake, and frequency of feeding on this parameter. Semi-
purified diets, virtually free of dietary natural protein, were fed in 
this experiment in order to simplify estimating the microbial protein 
content of digesta and to enable control of the carbohydrate supply in 
the diets. 
Experimental procedure 
Two Holstein steer calves, weighing approximately 100 kg, were 
surgically fitted with re-entrant cannulas in the proximal duodenum 
about 6 cm. from the pyloric sphincter. The cannulas were similar to those 
used by Ash (1962) for sheep, but with dimensions of 1.9 cm. I.D. and 
2.54 cm, O.D. The calves were born and raised at the Iowa State Univer­
sity Dairy Farm and surgery was performed in the calf research unit at 
that location. Pre-operative procedure and anesthetic technique was 
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similar to that described by Wangness (1971). The technique of surgical 
insertion of the cannulas was similar to that described by Conner e_t al. 
(1957). 
One week after this surgical operation, the calves were fitted with 
Jarrett sheep fistulas in the rumen (Jarrett, 1948). Surgical technique 
was similar to that described for sheep by Hecker (1969). 
After recovery from the surgery the calves were moved to Ruminant 
Nutrition Barn on campus and housed in individual pens. Each calf was 
fed using an automated feeder with timing device^ mounted to allow 
droppage of feed into a feed box. Two diets were fed as shown in Table 1. 
The urea level in these diets was similar to the minimum level shown by 
Hume jet jd. (1970) to be sufficient for maximum microbial growth In the rumen 
from a similar diet. Mineral supplementation was similar to that shown 
to be necessary for optimum performance from purified diets for sheep 
by Moir and Harris (1962) and Oltjen e^ (1962). Daily feed dry matter 
consumption was approximately equal to 1.5 and 3.0% of the calves body 
weight for the high and low intake treatments, respectively. 
The experimental design is given in Table 2. Total duodenal digesta 
flow was collected fox 3 days per period, 12 hours each day. The calves 
were adapted to their respective feeding treauaeuls for 30 days before 
the first collection and 14 days between collection periods, except for 
a 2l-day interval between periods 3 and 4. Twelve grams of shredded 
chromic oxide impregnated paper (33% chromic oxide)^ was administered 
^Dribbled Meter Feeding, Clay Equipment Company, Cedar Falls, Iowa. 
^Purchased from the Rowett Research Institute, 
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Table 1, Composition of diets fed in Experiment 843 
Diet 
Ingredient Starch Cellulose 
Corn starch^ 57.00 
Cellulose - - 57.00 
Ground corn cobs 25.00 25.00 
Cane sugar 5.00 5.00 
Molasses (wet) 4.00 4.00 
Urea 4.00 4.00 
MgSO^'THgO 0.60 0.60 
NaCl 1.00 1.00 
CaC03 1.05 1.05 
CaHPO^ 1.60 1.60 
KCl 0.40 0.40 
Trace mineral mix 0.20 0.20 
Sulfur 0.09 0.09 
Vitamin A mix (5000 lU/g) 0.05 0.05 
Vitamin D mix (6666 lU/g) 0.01 0.01 
100.00 100.00 
^Clinton Corn Processing Company, Clinton, Iowa . 
^"Solka Floe", Brown Company, Berlin, N.H. 
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Table 2. Experimental design used in Experiment 843 
Calf 
W B 
Period Diet 
Feeding 
interval 
Intake (hrs.) Diet Intake 
Feeding 
interval 
(hrs.) 
1 Cellulose (C) High (H) 2 Starch (S) High 2 
2 Cellulose Low (L) 2 Starch Low 2 
3 Cellulose High 12 Starch High 12 
4 Starch High 2 Cellulose High 2 
5 Starch Low 2 Cellulose Low 2 
6 Starch High 12 Cellulose High 12 
into the rumen through the fistulas every 12 hours for 7 days prior to 
and throughout each collection period as described by Nicholson and Sutton 
(1969). 
During the 12-hour collection periods the calves were confined in 
metabolism crates as pictured by Wolf (1967). The coupling between the 
two cannula sections was removed and a collection tube attached to the 
proximal section. This tube consisted of a 35 cm, section of plexiglass 
tubing (1,6 cm. I.D. x 1.9 cm. 0,D,) shaped in the configuration of a D , 
with a section of rubber tubing attached. A short piece of small tygon 
tubing was glued into a hole in the outer portion of the curvature of 
the plexiglass tube. This was to prevent any siphoning effect on the 
flow of digesta from the abomasum during collection. Flow of digesta 
was upward approximately 5" from the cannula through the neck of the 
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plexiglass tube and then downward through the rubber tubing into a 1 
liter graduated cylinder, which was clamped to the side of the metabolism 
crate. After collection of each liter, the digesta was mixed, and 
a 50 ml. aliquot removed and immediately frozen. The remainder of the 
digesta was re-introduced into the intestine at a rate similar to rate 
of collection. The re-introduction apparatus consisted of an insulated 
"Thermos" jug with the bottom spigot removed and a section of tygon tubing 
glued into the opening. The jug was hung from the top of the metabolism 
crate with the tubing going to the distal cannula. Digesta flow was 
controlled manually by means of a clamp on the tubing. Hot tap water 
was circulated through a coil of tygon tubing in the jug to keep the 
digesta warm. The last liter of digesta collected each day was stored 
at 4°C and reintroduced during the collection of the first liter of di­
gesta the following day of collection. 
Rumen digesta was aspirated from the rumen once each day after 
each 12-hour digesta collection had been made. When diets were fed at 
12-hour intervals, rumen digesta samples were collected 6 hours after 
feedings. Two 40 ml, samples were immediately frozen. 
Laboratory determinations Duodenal digesta samples were thawed 
and weighed into small aluminum baking pans. After freezing these samples, 
they were freeze-dried using a Virtis Shelf Freeze Dryer.^ Samples were 
^Virtis Research Equipment, Gardiner, New York. 
26 
then placed in a drying oven at 85°C for 12 hours to remove any residual 
moisture. The dried samples were immediately weighed in sample jars. 
Dry matter content of the duodenal digesta was then calculated. The 
dried samples were ground with a laboratory size Wiley mill using a No, 
40 screen. 
Percentage of chromic oxide in these samples and in the impregnated 
paper samples were determined by the procedure of Kimura and Miller (1957), 
Duodenal digesta collected was adjusted to give 100% recovery of the 
chromic oxide fed. Total N was determined by the Kjeldahl procedure 
(A,0,A.C.), Organic matter (CM) was determined by ashing in porcelain 
crucibles at 600°C for three hours. 
True protein content was estimated by the a-amino nitrogen automated 
TNBS procedure of Gehrke and Wall (1970), Casein of known protein (N x 
6.25) content was used as a standard after undergoing hydrolysis in the 
same manner as the samples, 
UndricJ duodenal and rumen samples were analyzed for pH and also 
ammonia by the Technicon (1960) automated Vb procedure modified by using 
a dialyzer. 
The volatile fatty acids (VFA) in rumen samples were determined after 
precipitation and removal of the proteins by the procedure of Cottyn 
and Boucque (1968), The VFA determinations were made using an Aerograph 
Model 1520 gas chromatograph as outlined by Baumgardt (1964). 
Assumptions and calculations Since the diets fed were virtually 
free of true protein, the true protein leaving the abomasum consisted 
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almost entirely of microbial protein plus enzyme protein from the abomasum. 
Microbial protein content was estimated after assuming that 10% of the 
total protein in digesta was from abomasal secretions and tissue debris. 
On a percentage of total N basis, this estimate is slightly less than 
the 1 gN/day value used by Hogan and Weston (1967) with sheep. It was, 
however, thought to be more realistic after evaluating data in subsequent 
experiments and also the data of Neudoerffer et al. (1971). Micro­
scopic examination of rumen contents revealed that protozoa were either 
absent or present in very low numbers, so microbial estimations were made 
on the basis of bacteria data. The true protein content of microbial or­
ganic matter was assumed to be 50% using the figure of Hungate (1966) that 
bacteria are approximately 65% crude protein, when free of reserve car­
bohydrates, and the figure of Smith (1969) that the crude protein in 
bacteria is approximately 80% true protein. Microbial OM content of 
digesta was then estimated from its estimated microbial protein content. 
The àppàiêui, quauLlLy ol uieLary OH passing through the rumen undigested 
was calculated by deducting bacterial OM passage from total digesta OM 
passage from the abomasum. 
Results and discussion 
CuUsideraule difficulty was encountered with blockage of the cannulas 
by feed residue, especially during the feeding of the starch diet. The 
cannula were checked every 8 hours to make sure digesta was flowing freely. 
If a cannula was blocked for several hours, the calf would usually dis­
continue feed intake. The collections of digesta were not initiated un­
til feed intake was again constant for at least one week. No problems 
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were encountered with blockage of cannulas and maintenance of feed con­
sumption during the collection periods. 
Both calves died after the fifth period of the experiment. At that 
time problems were encountered with repeated blockage of the cannulas. 
In both cases, death apparently resulted from peritonitis following some 
leakage of digesta into the abdominal cavity when pressure increased in 
the intestine proximal to the cannulas because of blockage for several 
hours. 
The calculated values for the amount of ruminai microbial protein 
synthesis and apparent organic matter digestion (OMD) are given in Table 
3. The results are listed on both an actual digesta flow basis and a 
digesta flow adjusted for 100% recovery of chromic oxide basis. 
In general, variation in protein and organic matter flow collected 
from the duodenal cannula were much greater than expected for animals 
in a steady state condition. Chromic oxide recovery averaged 82.4% of 
that fed, varying from a low recovery of 59.1% for one calf during one 
collection period to a high of 114.9% for another period. Chromic oxide 
recovery averaged 81.3% with the starch diet and 84,3% with the cellulose 
diet. Adjusting flow of digesta from the abomasum to contain 100% of 
the chromic oxide fed resulted in much more variation and inconsistencies 
in the calculated results. Some of the adjusted values calculated for 
the amount of microbial protein synthesis occurring in the rumen are 
greater than theoretically possible for rumen conditions (Walker, 1965) 
or greater than those reported by other researchers. Chromic oxide was 
found to be unsuitable for estimating a normal amount of digesta flow in 
Table 3. Ruminai microbial protein synthesis and digestion during Experiment 843 
Calf 
VJ B 
Treat-
Period ment 
Protein 
synthesis^ 
Protein syn­
thesis % OMD 
Treat­
ment 
Protein 
synthesis 
Protein syn­
thesis % OMD 
100g OMI) 100g DM intake 100g OMD 100g DM intake 
1 C^H'^2^ 12.59 (14.44)® 
6. 76 
(6.65) 
56.4 
(46.1) S H 2 
11.99 
(22.03) 
7.03 
(9.79) 
61.7 
(46.8) 
2 C L 2 13.52 (38.30) 
7.64 
(14.70) 
64.9 
(40.3) S L 2 
9.07 
(25.50) 
6.71 
(13.40) 
77.5 
(55.0) 
3 C H 12 10.16 (18.4) 
6.83 
(10.00) 
72.6 
(58.9) S H 12 
18.01 
(16.32 
11.86 
(10.70) 
68.9 
(68.8) 
4 S H 2 11.07 (20.66) 
7.99 
(12.04) 
76.0 
(61.5) C H 2 
12.41 
(23.40) 
5.9 
(8.20) 
49.6 
(39.1) 
5 S H 12 16.52 (13.50) 
10.42 
(9.07) 
66.6 
(70.9) C H 12 
16.53 
(14.90) 
7.83 
(7.62) 
47.2 
(53.8) 
6 C L 2 — — — — C L 2 — — — — 
Average 12.77 (21.06) 
7,93 
(10.49) 
67.3 
(55.5) 
13.60 
(20.43) 
7.87 
(9.94) 
61.0 
(52.7) 
^Microbial protein synthesis (g). 
^Dietary carbohydrate - cellulose (C) or starch (S). 
^Level of feed intake - high (H) or Low (L). 
^Feeding interval - 2 hr. or 12 hr. 
^Numbers in parentheses represent those values calculated after adjusting digesta flow to con­
taining 100% of chromic oxide administered. 
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in the present experiment. In the present study, chromic oxide paper was 
placed into the rumen in a small area on top of the surface of the large 
mass of undigested corn cobs that almost completely filled the dorsal 
section of the rumen. A greater rumen fill has been noted with purified 
diets than natural diets by Oltjen _et al. (1966). It could be possible 
that this shredded paper could have remained in this position in the rumen 
for a considerable period of time. Thus, chromic oxide paper could ac­
cumulate in the rumen with only a small amount of chromic oxide passing 
from the rumen. A later mastication and digestion of this accumulated 
paper would result in a high concentration in rumen fluid and in the 
digesta leaving the rumen. Thus, passage of chromic oxide would not 
correspond with the normal flow of digesta from the rumen. 
Average results for treatment comparisons are listed in Table 4. 
In general, the relative differences between the starch and cellulose 
diets for the parameters studies were similar when calculations were 
made on elLaet an actual uiges'ca passage basis or chromic oxide adjusted 
digesta passage basis. 
Microbial protein synthesis/100 g OMD in the rumen was similar for 
the cellulose and starch diets. However, the amount of OMD in the rumen 
was 1.21 - 1.26 times greater with the starch diet as compared to the 
cellulose diet so the amount of microbial protein synthesis/100 g DM in­
take was approximately 1.4 times greater with the starch diet. Another 
comparison made in which actual and adjusted differences were relatively 
similar was for the percentage of OMD in the rumen with the low vs. high 
level of intake. These comparative values were similar for this compari­
son. Also relative differences among adjusted and unadjusted OMD values 
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Table 4. Treatment comparisons - ruminai microbial protein synthesis and 
digestion during Experiment 843 
Treatment comparisons 
Carbohydrate Intake Feeding interval 
Item Starch Cellulose High Low* 2 hr. 12 hr. 
Protein 
synthesis (g) 
100 g OMD 
14.40 
(18.13) 
12.92 
(17.78) 
12.29 
(17.96) 
11.29 
(31.90) 
12.01 
(20.13) 
15.31 
(15.78) 
Protein 
synthesis (g) 
100 g DM 
intake 
9.32 
(10.40) 
6.83 
(7.32) 
6.92 
(9.17) 
7.17 
(14.05) 
6.92 
(9.17) 
9.23 
(9.35) 
7, OMD in 
rumen 
68.30 
(62.0) 
56.45 
(49.48) 
70.0 
(48.4) 
71.2 
(47.6) 
60.9 
(48.4) 
b4.1 
(55.0) 
^Represents values for only one instead of two periods due to 
termination of experiment after Period 5. 
for the 2- vs. 12-hour feeding interval comparison were similar. In this 
case 1.05 - 1.15 times more ruminai digestion occurred with 12-hour feed­
ing intervals than with 2-hour. This finding is in disagreement with 
that of Moir and Somers (1956) who noted increased ruminai digestion 
when frequency of feeding natural diets was increased. 
Protein synthesis values were inconsistent when compared on an 
actual and adjusted basis for the intake level and feeding frequency 
comparisons. 
Overall average values obtained during this experiment were 13.7, 
8,1 and 62.4 for microbial protein synthesis (g)/100 g OMD, microbial 
protein synthesis (g)/100 g DM intake and percentage of OMD in the rumen, 
respectively, as calculated on an actual digesta passage basis. 
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Corresponding values were 17.9, 8.9 and 55.7, calculated from digesta 
passage adjusted for recovery of chromic oxide. 
Information on rumen pH and volatile fatty acids (VFA) is given in 
Table 5 and treatment averages given in Table 6. Rumen samples were not 
collected during Period 1 of the experiment. Rumen pH was low, averaging 
5.63. Oltjen £l. (1966), reported a similar ruminai pH with steers 
fed purified diets, significantly lower than with natural diets. They 
reported protozoa were absent from rumen fluid when purified diets were 
fed and an inverse relationship between protozoa concentrations and 
rumen pH was noted. During Experiment 843, periodic checks revealed 
protozoa were present in rumen fluid in very low concentrations. 
The concentration of total VFA was similar for the two diets, being 
628.4 and 633.8 mg/100 ml of rumen fluid with the starch and cellulose 
diets, respectively. The percentage of total VFA that was acetic acid 
was similar with the two diets; however, the percentage of propionic 
acid was greater (35.3 vs. 31.1) and butyric acid lesser (8.9 vs. 12.0) 
with the starch diet. A similar trend was observed with the high level 
of intake as compared to low. Percentage of propionic acid in the mix­
ture of VFA was directly related, and percentage of butyric acid was in­
versely related to the total amount of feed digested in the rumen. 
With the limited number of observations made, there was a correla­
tion coefficient of -.80 between estimated microbial protein synthesis/ 
100 g OMD and butyric acid as a percentage of total VFA. The correlation 
coefficient between protein synthesis/100 g OMD and percentage propionic 
acid was .51. 
Table 5. Rumen fluid pH, total VFA concentration and percentages of individual VFA during Experiment 
Experiment 843 
Period W B 
Total VFA %a Total VFA 7o % 7. 
pH mg/100 ml acetic propionic butyric pH mg/100 ml acetic propionic butyric 
1 
2 5.75 543.7 61.7 25. 2 13.1 5.82 547.7 57.0 30.9 12.0 
3 5.85 645.6 59.1 27.3 13.6 5.61 442.1 60.1 32.4 7.4 
4 5.61 677.7 52.9 36.6 10.5 5.60 821.2 56.3 31.0 12.7 
5 5.28 846.1 53.3 40.9 5.8 5.52 525.3 50.6 41.0 8.4 
^Percentage of total VFA in rumen fluid. 
Table 6. Treatment comparisons - rumen fluid pH and total VFA concentration and percentages of 
individual VFA during Experiment 843 
Treatment comparison 
Item Carbohydrate Level of intake Feeding frequency (hr.) 
Starch Cellulose High Low 2 12 
Rumen pH 5.58 5.68 5.58 5.78 5.60 5.57 
Total VFA mg/100 ml 628.4 634.0 660.0 545.7 647.6 614.8 
Individual VFA 
% of total VFA; 
Acetic 55.8 56.9 55.4 59.3 56.9 55.8 
Propionic 35.3 31.1 34.9 28.1 30.9 35.4 
Butyric 8.9 12.0 9.7 12.6 12.2 8.8 
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In general, the large variation among individual observations and 
the limited number of observations made, did not enable conclusions to 
be reached following this experiment. 
Experiment 845-A 
The main objective of this experiment was similar to that of 
Experiment 843. Rumen fermentation characteristics have been shown to 
be different when the diet is purified as compared to one containing 
natural feedstuffs (Oltjen et al., 1966)'. In Experiment 845-A natural feed-
stuffs were fed in order to more closely duplicate natural conditions 
and also to see the effects of natural protein in these feedstuffs on 
the parameters of interest. Corn was compared as a starch or concentrate 
source with a mixture of feedstuffs, devoid of starch, and composed pri­
marily of roughage or cellulose. The principle ingredient in this later diet 
was ground com cobs along with a minor amount of molasses and purified cellu­
lose. Since these ingredients are very low in protein content as com­
pared to corn, soybean meal (SBM) was added to the cob diet as an addi­
tional treatment in order to eliminate any effect of protein quantity 
differences from the carbohydrate or feed source comparison. The number 
of experimental observations made was increased over the number made 
in Experiment 843, in hopes of obtaining more valid values with statisti­
cal interpretation. 
Experimental procedure 
Two Hoi stein and two Brown Swiss steer calves weighing approximately 
90 kg. were surgically fitted with duodenal re-entrant cannulas and 
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rumen fistulas as described for Experiment 843. One of the Brown Swiss 
calves died three weeks after surgery and was not replaced due to an 
unavailability of calves for experimental purposes on the Dairy Farm at 
that time. The three remaining calves were used making use of a 3 x 3 
Latin Square experimental design. The diets fed are shown in Table 7. 
Table 7. Composition of diets fed in Experiment 845-A 
Diet 
Ingredient Corn Cob Cob + SBM 
Cracked corn 81.72 
Ground corn cob 10. 00 64. 14 60. 36 
Soybean meal (SBM) - 10. 00 
Molasses 3. 00 15. 00 15. 00 
Cellulose - 15. 00 10. 00 
Urea 2. 00 3. 00 2. 00 
Limestone 1. 77 0. 17 0. 34 
Dicalcium phosphate 0. ,72 1. 87 1. 51 
Salt 0. 50 0. 50 0. 50 
Trace mineral mix o< ,20 0. ,20 0. 20 
ViLaiiiiii A (5000 lU/g) 0. ,05 0. ,05 0. 55 
Vitamin D (6666 lU/g) 0. ,01 0. ,01 0. 01 
Sulfur 0. ,03 0, ,06 0. 03 
100, .00 100, .00 100. ,00 
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Feedings were at 2-hour intervals in amounts equal to approximately 90% 
of ^  libitum intake. 
The experimental procedure followed was similar to that followed 
in Experiment 843 except for the following exceptions or additions. 
The duration of each digesta collection period was increased to five 
consecutive days per period with 12-hour collections per day. Chromic 
oxide paper was fed instead of administered through the rumen fistula. 
On the day following each collection period, one liter of rumen contents 
was collected from each calf by aspiration through the rumen fistula. A 
fifty milliliter aliquot was removed and combined with an equal volume 
of 12% formaldehyde to store for later protozoa counts, according to the 
procedure of Hungate e_t al. (1971), The remaining rumen contents was 
filtered through two layers of cheese cloth to remove large feed particles. 
Small feed particles and protozoa were removed after centrifuging at 
2000x g for 10 minutes. The supernatant was centrifuged at 40,000x g 
to isolate the bacteria. The bacteria were washed twice and then frozen 
and later freeze-dried. 
Bacteria were analyzed for true protein (TP) and organic matter (OM) 
by the procedures used for digesta. 
Bacterial true protein content of duodenal digesta was estimated by 
using the diaminopimelic acid (DAP) content of the digesta as a marker 
(Weller e^ al., 1962). The estimation was based on the DAP to TP ratio 
of the rumen bacteria sample collected. DAP content of rumen bacteria 
and digesta samples were determined by the following procedure; Dried 
duodenal digesta (60 mg.) and rumen bacteria (20 mg.) samples were weighed 
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into 10 ml. evacuation tubes. Four ml. of p-toluene sulfonic acid (Lin 
and Chang, 1971) was added plus one drop of Dow Corning Antifoam A. The 
tubes were submerged in ice water and air removed with a high vacuum pump 
before sealing. The samples were then hydrolyzed at 110° for 24 hours. 
Four ml. of 2,6 N sodium hydroxide was added to adjust the pH to 2. The 
solution was diluted to 10 ml. with distilled water and filtered through 
a .45 /am millipore filter. The hydrolysates were analyzed for DAP by 
automated column chromatography using a Beckman Model 121 amino acid 
analyzer with a modified program, similar to the procedure used by 
Peterson and Bernlohr (1970), The pH of the elution buffers was 3.10 
and 4.25 with the buffer changed at 90 minutes after sample injection. 
Calculations % Bacterial true protein (TP) in digesta = 
TP in bacteria 
DAP in bacteria 
Bacterial TP synthesized = 
X DAP in digesta x 100 
7. bacterial TP in digesta DM x DM leaving abomasum 
100 
Bacterial CM leaving abomasum = 
Bacterial TP leaving abomasum ^ iqo  
7o TP in bacterial OM 
CM apparently digested in rumen (OMD) = 
ON intake - (total OM - bacterial OM leaving abomasum) 
The data were analyzed statistically by least squares analysis of 
variance followed by comparisons of treatment means by Duncan's new multi­
ple range test as described by Steel and Torrie (1960). 
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Results and discussion 
Some difficulties again were encountered with maintaining a constant 
feed intake and with keeping the cannulas unblocked, especially with the 
feeding of the corn diet. Digesta collections had to be postponed a 
number of times until all animals were each consuming a constant amount 
for a full week preceding collections. No problem was encountered with 
refusal of feed during the collection periods except with the calf con­
suming the corn diet in Period 3. Only two 12-hour collections were ob­
tained from this calf during this period because of feed refusal on the 
third day. 
The results for DM, chromic oxide, and protein passage from the 
abomasum are shown in Table 8. Average chromic oxide recovery in the 
duodenal digesta collected was 96.27. of the amount fed. Recoveries 
were quite variable for the different animals during the different col­
lection periods, varying between 75.8% and 115,2%, Recovery percentages 
were 94.6, 106.2 and 87.9 with the corn diet, cob plus SBM, and cob diets, 
respectively. These differences weren't statistically significant 
(P>.05). The average for the two cob diets (97.0%) is similar to the re­
covery for the corn diet (94.6%). This suggests that density of the diet 
had no significant effect on the recovery of chromic oxide. These chromic 
oxide recovery figures, which were used to adjust digesta dry matter flow 
to a steady state rate, are shown in Table 8. 
Crude, true and bacteria true protein abomasal passage data, as a 
percentage of DM intake, are also shown in Table 8. Average true protein 
Table 8. Dry matter intake and dry matter , chromic oxide and protein passage from the abomasiam 
during Experiment 845-A 
Diet 
Corn Cob + S B M Cob 
Item Y3 ^2 Av G3 ^2 Pi Av G2 Yl P3 Av 
DM intake/ 
12 hr. (g) 962 1017 989 989 1377 1146 881 1134 983 1092 983 1010 
DM passage 
(% DM intake) 53.0 71.3 72.1 65.5 64.5 57.4 77.3 66.4 56.8 64.0 73.1 64.6 
7o Cr203 recovery 101.1 83.7 99.1 94.6 115.2 103.9 99.5 106.2 89.4 75.8 98.4 87.9 
Protein passage (% DM intake)^ 
Crude protein 16.7 16.2 15.0 16.OC 9.3 9.6 11.6 10.2^ 9.3 10.9 9.2 g.gd 
True protein 15.7 14.5 13.8 14.7c 8.3 8.8 10.8 9.3d 8.5 9.7 8.1 8.8^ 
Bacterial true 
protein 14.6 10.5 11.0 12.0® 6.7 7.6 9.5 7.9^ 7.7 7.7 7.4 7.6f 
^Letter denotes animal identification, number denotes period of Experiment 845. 
^Values calculated after adjusting digesta flow to contain 100% of chromic oxide fed. 
^'^^Treatment averages with different superscripts on the same line differ significantly (P<.01) 
^Treatment averages with different superscripts on the same line differ significantly (PC.05) 
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passage as a percentage of DM intake was 14,7, 9,3, and 8,8 for the corn, 
cob plus SSM, and cob diets, respectively. The protein passage with the 
corn diet was significantly greater (P<.01) than with the other two diets. 
Corresponding bacterial true protein passage as a percentage of dry matter 
intake were 12,04, 7,90, and 7,58, Bacterial protein passage was signifi­
cantly greater (P<,05) with the corn diet than the other two diets. The 
percentage of true protein in digesta estimated to be bacterial when the 
corn diet was fed was 93.2 with one calf (G) versus 73,4 and 79,2 for the 
other two calves. This difference indicates there was more variation 
among animals in bacterial protein passage from the abomasum as compared 
to the total true protein passage with the corn diet. The true protein 
and DAP contents of the rumen bacteria samples and the DAP to TP ratios 
used as indicators to determine bacterial true protein content of digesta 
samples are shown in Table 9, DAP concentrations are within the range 
reported by Hogan and Weston (1967, 1971) and Mutton et £l, (1971), 
The percentage of the organic matter in the diet that was apparently 
digested or fermented in the rumen (OMD) was 63,16, 54.29 and 53,18 for 
the corn, cob plus SBM and cob diets, respectively. These differences 
weren't statistically significant (P-^.OS). On each of the diets, animal 
differences were quite large. The degree of digestion of the corn diet 
in the rumen of Calf G was much greater than in the other two calves. 
Of the CM fed, 78.4% was digested in this calf as compared to 56.1 and 
54.17» for the other two calves when the corn diet was fed. Protozoa 
counts reveal that protozoa were almost totally absent from the rumen of 
this particular calf during the period when corn was fed. Walker and 
Table 9. Bacteria composition and synthesis; and ruminai digestion, protozoa, pH, and VFA data 
from Experiment 845-A 
Diet 
Corn Cob 4- SBM Cob 
Item Gi^ Y3 I';! Av G3 Y2 Pi Av G? Yl P3 Av 
7o TP in bacteria 5 5 .0  50 .5  43 .0  5 1 .2  58 .2  4 9 .2  57 .0  54 .8  54 .0  48 .8  57 .0  53 .3  
7o DAP in bacteria . 400  . 447  . 402  . 416  . 426  . 313  . 500  . 413  .  465  . 416  . 500  . 460  
TP/DAP in bacteria 137 . 5  125 .6  107  , . 5  123 .6  1 3 6 .6  1 5 7 .2  114 .0  135 .9  1 1 6 .1  117 .2  115 .8  116 .4  
"L OM digested in 
the rumen (OMD) 79 .3  54 .1  56 .1  62 .9  5 0 .9  63 .9  44 .  6  5 3 .2  63 .1  60 .7  39 .1  54 .3  
Bacterial TP syn­
thesis/ lOOg OMD 1 9 .2  20 ,3  20 . 2  20 .1  13 .8  12 .4  2 2 .3  16 .2  12 .3  13 .3  19 .8  1 5 .1  
Bacterial TP syn-
thesis/lOOg DM intake 14 , 6  10 .5  11 .0  11 .9b  6 .7  7 . 6  9 . 5  7 .9  7 . 6  7 .7  7 . 4  7.6G 
Protozoa count 
( 1  X 1 0^/ml) 2  925  232  3 8 6  286  236  197  240  306  188  — 247  
Rumen pH 5 .5  6 . 15  6 ,  30  5 .98% 7 .03  6 .96  7 .0 4  7.01c 6 .9 4  7.0 6 .9 4  6 . 96C 
Total VFA mg/100ml 686  761  6 1 3  6 8 7  4 0 6  442  455  434  610  4 5 8  389  4 8 5  
Individual VFA as °L total VFA 
Acetic acid 38 . 5  5 3 .2  53 .6  48 .4  69 .3  5 9 .5  64 .5  6 4 .4  65 .4  57 .5  65 .9  62 .9  
Propionic acid 59 .1  30 .6  3 3 .0  40 .9  18 .5  23 .8  24 .7  22 .3  19 .1  24 . 6  19 .3  21 . 0  
Butyric acid 2 .4  1 6 .2  13 .4  10 .7  12 .2  16 .7  10 .8  13 .3  15 .5  17 .9  14 .8  1 6 .1  
*See Table 8. 
''Treatment averages with different superscripts on the same line differ significantly 
(P^ .05), 
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Hope (1964) reported bacteria in a rumen containing Entodinum are less 
able to digest starch than if this protozoan is absent. Entodinum 
species were the only protozoa found in the rumen contents when corn was 
fed in Experiment 845-A. Thus, these findings could indicate that OM 
digestion was greater because of the smaller number of protozoa. 
Digestion of the diets containing corn cobs in the rumen of Calf P 
was much less than in the rumen of the other two calves (41.9 versus 57.0 
and 62.3). Six months after the termination of this experiment the 
calves were sacrificed and post mortem performed. Calf P had a smaller 
than normal rumen and an unusually large abomasum. It could be probable 
that an abnormal development of the stomachs of this calf limited its 
capacity to digest roughage. 
The amount of bacterial protein synthesis per 100 g OMD in the 
rumen was 20.1, 16.2 and 15.1 with the corn, cob plus SBM, anc' "ob diets, 
respectively. These differences were not significant (P>.05). However, 
it is noted that animal variation was small except for large deviations 
from the treatment means that resulted when Calf P was fed the ground corn 
cob diets. If the averages obtained with the other two animals were sub­
stituted for these two observations the results would be 13.1 and 12.8 g/ 
100 g OMD with the cob plus SBM and cob diets, respectively. These values 
are significantly less (P<.01) than the value obtained with the corn diet. 
This indicates bacterial protein yields from fermentation of corn are 
greater than from fermentation of the non-starch carbohydrates as supplied 
by a combination of corn cobs, cellulose, molasses and soybean meal In 
the present experiment. Synthesis per 100 g OMD with the corn diet was 
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1,3 - 1.6 times that observed with the cob diet. The results of this 
dietary carbohydrate source comparison seem to be in agreement with 
the work by Mathison and Milligan (1971) who observed 1,1 to 1,3 times 
more synthesis per 100 g OMD with a barley diet than with a hay diet. 
The amounts of individual VFA in the rumen fluid samples as a per­
centage of total VFA concentrations are also given in Table 9. There 
was a correlation coefficient between percentage propionic acid and 
bacterial protein synthesis/100 g OMD of ,43. If the two questionable 
observations obtained with Calf P with cob diet feeding and P^j 
are not included in this calculation the coefficient is increased to .71. 
This change in coefficients suggests that these two experimental observa­
tions, which did not follow the trend observed in the experiment, were 
inaccurately obtained. This error could have resulted from an abnormal 
chromic oxide passage. The single incidence of a low protozoa numbers 
observed in this experiment was associated with a high propionic acid 
and very low butyric acid level in the rumen. The correlation coeffi­
cient between percentages of propionic acid in the VFA pool and % OMD 
was .69. 
Correlation coefficients between individual VFA percentages and 
bacterial protein synthesis/100 g DM intake were -.84, .96 and -.76 for 
acetic, propionic and butyric acid, respectively. These excellent corre­
lations obtained with three different diets are in agreement with the 
observations made by Ishaque e_t (1971) who fed only one diet and also 
showed that the type of fermentation pattern in the rumen has an 
44 
influence on the amount of bacteria synthesis. 
Overall, no relationship between protozoa numbers in rumen fluid 
and bacterial protein yields/100 g OMD was observed in the present ex­
periment. 
There seems to be little, if any, influence due to the soybean meal 
addition to the cob diet on bacterial synthesis. This is not in ac­
cordance with results reported by Hume (1970b),who demonstrated significant 
increase in protein synthesis as a result of addition of natural protein, 
in the form of casein and zein, to a similar low protein diet. In the 
present experiment 157» molasses was fed with these cob diets. No molasses 
was fed by Hume (1970b). Molasses may or may not have supplied unidenti­
fied factors needed for microbial growth. 
Bacterial protein synthesis per 100 g DM intake was 11.9, 7.9 and 
7.6 for the corn,cob plus SBM, and cob diets, respectively. Total syn­
thesis from the corn diet was significantly greater (P<,05) than from 
the cob diet. Approximately two-thirds as much bacterial protein was 
synthesized with the cob diets as compared to the corn diet. Burroughs 
et al. (1971b) estimated that only half as much microbial protein was 
synthesized from roughage as compared with an equal amount of concentrate. 
In the present experiment 15% of the cob diet was cellulose and 15% was 
molasses. These ingredients are more digestible in the rumen than are 
roughages, so more bacterial synthesis would be expected i'rom these 
diets than from roughage alone. 
Total protein synthesis from the corn diet in the rumen of Calf G 
was 14.6 g/lOO g DM intake and averaged 10.8 in the other two calves. 
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The greater value for Calf G was due to a greater degree of digestion 
in the rumen. Although the number of protozoa in the rumen, seemingly 
had no effect on the amount of bacteria protein synthesis/100 g OMD, 
the elimination of protozoa seemed to have an influence on total micro­
bial protein yields because of corresponding increase in the degree of 
digestion by bacteria in the rumen. 
Although bacterial protein passage from the rumen was considerably 
greater when protozoa were almost totally absent, as shown in Table 9, 
total protein passage was only slightly greater, in this instance, be­
cause undegraded feed protein and protozoal protein passage from the 
rumen was decreased. The more thorough digestion in the rumen when 
protozoa were almost totally absent resulted in a greater degree of 
feed protein degradation in the rumen. 
Experiment 845-B 
The primary objective of this experiment was to study the influence 
of level of feed intake on the degree of bacterial protein synthesis and 
digestion in the rumen. Another objective was to obtain further informa­
tion on the amount of bacterial protein synthesis that occurs in the rumen. 
Experimental procedure 
The same calves used in Experiment 845-A were used for this experi­
ment and the same experimental procedure was followed. A single diet 
was used, the composition of which is shown in Table 10. The experimental 
treatments were three levels of feed intake, equal to approximately 1%, 
and 3V/o of the calves' body weight per day, respectively. 
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Table 10, Composition of diet fed in Experiment 845-B 
Ingredient 
Cracked corn 62.54 
Soybean meal 12.00 
Ground corn cobs 20.00 
Molasses 3.00 
Limestone 1.00 
Dicalcium phosphate .70 
Salt .50 
Trace mineral premix .20 
Vit. A premix (5000 lU/g) .05 
Vit. D premix (6666 lU/g) .01 
100.00 
Rumen bacterial samples were isolated from each calf only once during 
this experiment, following the second period of duodenal digesta collec­
tion. 
Results and discussion 
Again difficulties \vere encountered with maintaining a constant feed 
intake and with blockage of the cannula, especially at the higher level 
of intake. Free choice supplementation of additional salt resulted in a 
considerable reduction of these occurrences. During two of the collection 
periods, less than five days of collections were made with two of the 
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calves because of inadequate feed consumption. The data on DM, chromic 
oxide, and crude, true and bacterial protein passage from the abomasum 
are shown in Table 11. There were no statistically significant differ­
ences (P>.05) among the different treatments for any of these different 
measurements. Chromic oxide recovery averaged 111.4, 102.8 and 98.0 with 
the low, medium, and high levels of feeding, respectively. Bacterial true 
protein passage from the abomasum as a percentage of DM intake was simi­
lar, averaging 7.8, 8.5 and 8.4 for these treatments, respectively. Total 
true protein passage averaged 9.7, 10.6 and 12.4% of DM intake for these 
treatments, respectively. The increased true protein passage during the 
high level of feeding indicates that an increased percentage of the 
dietary protein passed through the rumen, when compared with the other 
two levels of feed intake in this experiment. 
Bacteria samples were collected only once from each calf because the 
same diet was fed throughout this experiment. The basis for this was 
the finding by Hutton al. (1971) that DAP;N ratios are constant in rumen 
bacteria within each animal on a specific diet. However, the possibility 
could exist in the present experiment that bacterial population, and 
thus DAP concentrations, could be influenced by the level of feeding, 
due to changes in ruminai pH. 
The apparent digestion of organic matter in the rumen (OMD) was 48.7, 
58.0 and 53.4% of intake. These differences were not significant (P>.05). 
The percentage of ruminai OM digestion was greater with the medium and 
high levels of intake as compared to low levels. This is in disagreement 
with the results of Nicholson and Sutton (1969) who observed that the 
Table 11. Dry matter intake; and dry matter, chromic oxide and protein passage from the abomasum 
during Experiment 845-B 
Level of intake 
Low Medium High 
Item G4" 
^6 Av S Y4 P6 Av ^6 Y5 P4 Av 
DM intake (g)/12 hr 675 720 455 616 1124 1205 945 1091 1640 1859 1206 1568 
DM passage (% intake) ^ 65.2 69,9 6: . .  3 65.5 61.0 69.4 57.5 62.6 59.3 68.1 74.2 67.2 
7o Cr203 recovery 86.3 115.5 132.3 111.4 92.8 92.4 123.1 102.8 103.3 88.1 102.5 98.0 
Protein passage (% DM intake) b 
Crude protein 10.2 10.9 1 2 , 1  11.1 12.7 10.8 11.6 11.7 13.1 13.7 13.8 13.5 
True protein 9.2 10.0 9.7 9.7 11.7 9.4 10.6 10.6 12.0 12.5 12.6 12.4 
Bacterial true 
protein 
7.4 8.3 7.7 7.8 9.7 7.0 8.8 8.5 9.2 9.4 6.7 8.4 
*See Table 8. 
^Values calculated after adjusting digesta flow to contain 100% of chromic oxide fed. 
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percentage digestion of OM in the rumen of sheep was greater when intake 
levels were low. Since the substantial portion of the diet they fed was 
starch, the digestion of this carbohydrate should influence total organic 
matter digestion. In general, it has been shown that the proportion of 
ingested starch reaching the duodenum has not varied greatly with level 
of starch intake (Nicholson and Sutton, 1969; Topp e_t ^1., 1968; Tucker et 
al,, 1968) but small increases have been reported in other experiments 
(Karr et , 1966; Orskov and Fraser, 1968). The slightly greater per­
centage digestion of OM with the medium level of intake in the present 
experiment is difficult to explain. Bacterial protein synthesis in the 
rumen per 100 g OMD was 16.2, 15.4 and 16.8 with increasing levels of in­
take, respectively. These differences weren't statistically significant 
(P>.05). However, Hogan and Weston (1971) also reported that amounts of 
protein synthesis/100 g OMD were similar when comparing high and low levels 
of intake and lesser amounts were measured with medium levels. The values 
obtained for protein synthesis/100 g OMD in the present experiment are 
less than the 20.1 g value calculated with the corn diet in Experiment 
843-A. That corn diet contained 30% more corn than the diet used in this 
experiment so the resulting bacterial synthesis/100 g OMD would be expected 
to be more. Bacterial protein synthesis per 100 g DM intake was very simi­
lar for the three levels of feeding. The values were 7.9, 8.5 and 8.5 
grams for the three levels, respectively. These values are lower than 
those obtained with feeding corn during Experiment 845-A. The least amount 
of bacterial synthesis per unit of intake resulted from the low level of 
intake due to the least amount of ruminai digestion occurring. 
Table 12. Bacteria composition and synthesis; and ruminai digestion, protozoa, pH, and VFA data 
from Experiment 845-B 
Level of intake 
Low Medium High 
Item G4' Yb P5 Av G5 Y4 P6 Av Ge Y5 Av 
7o TP in rumen 
bacteria 48.0 52.8 52.5 
7o DAP in rumen 
bacteria .599 .554 .552 
TP/DAP in rumen 
bacteria 85.9 95.3 95.1 
% OM digested 
in rumen 55.0 38.9 49.3 47.7 62.4 47.0 64.7 58.0 63.4 53.4 43.3 53.4 
Bacterial TP 
synthesis/ 
lOOg OMD 14.1 18. 3 16.3 16. 2 16.3 15.6 14.3 15.4 15.3 18.6 16.3 16.8 
Bacterial TP 
synthesis/ 
lOOg DM intake 7.4 8.6 7.7 7.9 9.7 7.0 8.8 8.5 9.2 9.5 6.7 8.5 
Protozoa count 
(1 X lO^/tnl) 351 447 199 332 306 531 708 509 54 243 506 301 
Rumen pH 6.50 7.15 6.53 6.72 5.65 6.18 6.25 6.03 5.65 5.90 5.95 5.83 
Total VFA mg/ 
100 ml 440 774 592 003 794 804 907 835 790 847 831 823 
Individual VFA as 7. total VFA; 
Acetic 81.5 64.8 62.1 69.5 61.9 59.9 57.5 59.8 69.9 62.9 66.5 66.4 
Propionic 8.7 18.1 20.7 15.8 20.3 37.0 22.7 26.7 16.8 27.7 16.8 20.4 
Butyric 9.8 17.1 17.2 14.7 17.8 3.1 19.7 13.5 17.3 9.5 16.7 14.5 
*See Table 8, 
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During the present experiment no relationship between the relative 
proportion of individual VFA in rumen fluid and the amount of protein 
synthesis was noted. The differences between individual observations 
were small and may have been due to experimental error. 
No relationship between the number of protozoa in rumen fluid and 
the amount of bacterial synthesis or ruminai OM digestion was observed. 
Protozoal numbers were never extremely low. Since increasing the frequency 
of feeding has previously been shown to increase the concentration of 
protozoa in the rumen (Moir and Somers, 1956; Putman _et a^., 1961), the 
method of feeding in the present experiment may have enabled the protozoal 
population to be maintained at a concentration greater than that found 
with less frequent feeding. This may be especially true when large amounts 
of readily fermentable carbohydrates are consumed during single feedings, 
which results in a drop in rumen pH and inhibition of protozoal growth 
(Phillipson, 1952; Moir and Somers, 1957). Eadie e_t al. (1970) reported 
a change in the proportion of individual VFA in the mixture of VFA in 
rumen fluid and a decrease in the concentration of protozoa when the feed­
ing of a barley cube diet fed three times per day was increased from 80% 
of a^ libitum intake to £d libitum intake. 
The proportion of individual VFA in the VFA mixture in rumen fluid 
has been shown to be related to the amount of bacterial protein synthesis 
during previous experiments conducted in this research study and also by 
Ishaque _et _al, (1971), Thus, the change in level of intake during the 
experiments by Eadie et a^. (1970), would probably have influenced the 
amount of bacterial synthesis per OMD or per DM intake. 
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Data from Experiment 845-A indicated that if protozoa could be 
eliminated from the rumen, the degree of fermentation of starch and 
synthesis of bacterial protein would increase. Thus, the present study 
on varying feeding levels of a high concentrate diet may not be representa­
tive of this type of diet of feedings at less frequent intervals. 
Experiment 845-C 
The objective of this experiment was to study the influence of dif­
ferent methods of feeding urea on its efficiency of utilization as a nitro­
gen source for protein synthesis in the rumen. A diet containing urea 
and fed at 2-hour intervals was compared with the same diet fed at 12-hour 
intervals. Also, a commercially heat processed urea product was fed with 
a similar diet at 12-hour intervals. 
Experimental procedure 
The same general procedure used in E::psrirr.sr.t 845-A and V7as 
used in this experiment. The diets fed are shown in Table 13. The diets 
were formulated to contain a major amount of energy from slowly ferment­
able carbohydrates and the major portion of the nitrogen supplied by urea. 
Urea levels were fixed to supply 75% of that needed to meet the urea 
fermentation potential of the ration according to the system of 
Burroughs £t al, (1971a). Diets were fed at a level of approximately 
37o of the calves' body weight daily. Three experimental treatments 
were employed; the unprocessed urea diet fed at 2- and at 12^hour 
intervals and the processed urea diet fed at 12-hour intervals 
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The processed urea was supplied by the Triple F Company, Des Moines, 
Iowa. It was manufactured by passing a mixture consisting primarily of 
ground corn grain, urea and a small amount of sodium bentonite through 
a cooker extruder at a temperature of between 132 and 154°C. The product 
contained 60% crude protein. Roasted corn was added to the unprocessed 
urea diet in an attempt to duplicate the addition of heat processed corn 
in the urea product used with the other diet. 
Table 13. Composition of diets fed in Experiment 845-C 
Nitrogen supplamentation 
Urea Processed urea 
Ingredient supplement 
Cracked corn 27.37 27.37 
Roasted corn^ 7.60 -
Cellulose^ 34.81 34.81 
Ground corn cobs 20.00 20.00 
Molasses (wet) 5.00 5.00 
Urea 1.80 -
Processed urea supplement^ - 9.40 
Salt 1.00 1.00 
Dicalcium phosphate 1.50 1.50 
Limestone 0.60 0.60 
Trace mineral premix 0.20 0.20 
Sulfur 0.06 0.06 
Vitamin A mix (5000 lU/g) 0.05 0.05 
Vitamin D mix (6666 lU/g) 0.01 0.01 
100.00 100.00 
&Processed with "Roast-A-Tron" equipment, Mix Mill, Inc., Bluffton, 
Indiana. 
^"Solka floe," Brown Company, Berlin, New Hampshire. 
^"Golden Pro," 60% protein equivalent. Triple F Feeds, Des Moines, 
Iowa. 
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Rumen digesta samples were collected one day per period every 2 
hours during the 12-hour interval between feedings used for 2 of the 3 
treatments. These samples were pooled before VFA analysis was performed. 
Individual duodenal digesta and rumen bacteria samples were pooled 
among animals within treatments for diaminopimelic acid analysis. 
Results and discussion 
No apparent problem with cannula blockage was encountered in this 
experiment. Likewise, incidence of feed refusal were not encountered. 
Daily dry matter and protein collection from the duodenum of each animal 
was more constant in this as compared to preceding experiments. The 
results are given in Table 14 for abomasal passage of DM, chromic oxide 
and protein. Recovery of chromic oxide during digesta collections was 
140,7, 144,2 and 141,1% of that fed for the urea diet fed at 2-hour inter­
vals , the urea diet fed at 12-hour intervals and processed urea diet 
fed at 12=hour intervals, respectively. The reason for these high re= 
coveries is not apparent, especially since in previous experiments under 
the same conditions recoveries averaged close to 100%, Protein passage 
figures in Table 14 are presented in which they were calculated by two 
methods, either by using actual digesta dry matter collection data or by 
adjusting the amount of digesta dry matter to contain 100% of the chromic 
oxide fed. Overall averages for all treatments were 9,33, 8,49, and 6,55 
percent of DM intake for crude protein, true protein and bacterial true 
protein passage from the abomasum, respectively, as calculated on an 
actual digesta passage basis. Corresponding averages, as calculated 
Table 14. Dry matter intake; and dry matter, chromic oxide and protein passage from the abomasum 
during Experiment 845-C 
N supplementation - feeding interval 
Urea - 2 hr. Urea - 12 hr. Processed urea - 12 hr. 
Y8 P9 Av G9 Y7 P8 Av G8 Y9 P7 Av 
DM intake (g/12 hr. ) 1849 1849 1155 1617 1849 1849 1155 1617 1840 1840 1150 1610 
DM passage (% intake) 58.7 73.1 73.5 68.4 57.4 70.7 90.9 73.0 63.0 69.0 75.3 69.1 
% Cr203 recovery 125.6 141.6 159.8 140.7 123.6 150.6 158.3 144.2 129.1 143.3 150.9 141.1 
Protein passage (% of DM intake); 
Actual crude protein 8.33 8.78 11.75 9.62= 7.65 8.34 10.64 8.87^ 8.53 8.91 11.05 9.50C 
Adjusted^ crude 
6.74= protein 6.43 6.18 7.59 6.73C 6.14 5.70 6.68 6.17^ 6.59 6.20 7.42 
Actual true protein 7.75 8.26 10.07 8.69= 7.11 7.59 9.42 8.04^ 7.90 8.42 9.86 8.73= 
Adjusted^ true 
protein 6.16 5.83 6.52 6.17= 5.75 5.04 5.95 5.58^ 6.12 5.88 6.52 6.17= 
Actual bacterial 
protein 6.68 6.19 6.77 
Adjusted^ bacterial 
protein 4.86 4.29 4.84 
Actual non-bacterial 
protein 2.01 1.83 1.96 
*See Table 8. 
^Digesta flow adjusted to contain 100% of the chromic oxide fed. 
'-•'^Treatment averages with diffenmt superscripts on the same line differ significantly 
(P < .05). 
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on a chromic oxide adjusted digests passage basis were 6.58, 5.97, and 
4,66 percent of DM. The corresponding values in Experiment 845-A for 
the cob diets which were somewhat similar in carbohydrate makeup were 
10.C, 9.2 and 7.8%. It can be seen that the unadjusted values in the 
present experiment are much more similar to the values in the earlier ex­
periment. Calculations on the apparent percentage of dietary OM digested 
in the rumen, given in Table 15, show an average of 63.2 when figures 
were adjusted for chromic oxide recovery and 48.5 using the actual 
passage of digesta. Again the latter values are the most similar to 
those observed in Experiment 845-A for the similar type diets. This sug­
gests that chromic oxide passage in the present experiment was not a 
satisfactory tool. 
True protein passage (unadjusted) from the abomasum as a percent of 
DM intake, listed in Table 15, were 8.69, 8.04 and 8.73, for the urea diet 
fed at 2-hour intervals, the urea diet fed at 12-hour intervals, and 
processed urea diet fet at 12-hour intervals, respectively. The true 
protein passage was less, based on statistical significance (P4.05), when 
the diet containing unprocessed urea was fed at 12-hour intervals as com­
pared to 2-hour intervals or fed in the processed form every 12 hours. 
Bacterial true protein passage (unadjusted) was 6.68, 6.10 and 6.77 for 
the urea diet fed at 2-hour intervals and the urea diet fed at 12-hour 
intervals and processed urea diet fed at 12-hour intervals, respectively. 
The above results suggest that efficiency of utilization of sup­
plementary levels of urea believed inadequate for maximum rumen 
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Table 15. Bacterial composition and synthesis; and ruminai digestion, 
and VFA data from Experiment 845-C 
N Supplementation-feeding interval 
Processed 
Item Urea - 2 hr. Urea - 12 hr. Urea - 12 hr. 
% TP in rumen bacteria 42.0 46.9 46.6 
7o DAP in rumen bacteria .400 .418 .355 
TP/DAP in rumen 
bacteria 105.0 112.2 131.3 
7o CM digested in 
the rumen 49.8 (63.9)* 46.0 (62.3) 49.7 (64.0) 
Bacteria TP synthesis/ 
100 g OMD 14.1 (8.0) 14.2 (7.3) 14.3 (8.0) 
Bacterial TP syn­
thesis/100 g DM 
intake 6.7 (4.9) 6.2 (4.3) 6.8 (4.9) 
Total VFA mg/100 ml 619.1 554.7 596.0 
Individual VFA % of 
total VFA; 
Acetic 57.0 51.9 54.3 
Propionic 28.1 30.8 30.0 
Butyric 14.9 17.4 15.6 
^Numbers in parentheses represent those values calculated after 
adjusting digesta flow to contain 100% of the chromic oxide fed. 
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fermentation was increased as a result of more frequent feeding of un­
processed urea or by processing of the urea. 
The apparent digestion of the organic matter in ths rumen (unadjusted) 
was 49.8, 46.0 and 49.7% of intake of the urea diet fed at 2-hour inter­
vals and the urea diet fed at 12-hour intervals and processed urea diets 
fed at 12-hour intervals, respectively. Bacterial true protein synthesis 
in grams per 100 g OMD (unadjusted) was 14.1, 14.2, and 14,3 for these same 
treatments, respectively. These values are very comparable with those found 
in the earlier experiments with similar carbohydrate sources. This in­
formation indicates that differences in bacterial protein synthesis per 
100 g DM intake resulted because of differences in the total organic matter 
digested in the rumen rather than from differences in efficiency of pro­
tein synthesis from a constant amount of organic matter digested. 
If protein synthesis/100 g OMD were calculated on a chromic oxide 
adjusted diges'ca basis, the opposite of the above occurs. In this case 
percentage OMD was fairly constant while bacterial protein synthesis/ 
100 g OMD was less with the urea diet fed at 12-hour intervals (7.3) versus 
the other two feeding treatments (8.0). However, the earlier indication 
of why increased bacterial synthesis occurs is believed to be the more 
nearly correct. If comparisons are made on both an adjusted and unad­
justed basis, in both cases approximately .6 g less bacterial protein 
was synthesized per 100 g DM intake when the unprocessed urea diet was 
fed at 12-hour intervals as compared to the other two dietary treatments. 
The percentage of OM digested in the rumen and VFA data was similar 
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with the urea diet fed at 2-hour intervals and the processed urea diet 
fed at 12-hour intervals. This suggests that the frequency of feeding 
the carbohydrate portion of the diet had no effect on the degree and 
efficiency of fermentation in the rumen when ammonia availability was not 
believed to be of concern, A statistically insignificant (P>.05) lower 
relative proportion of acetic acid and higher proportion of propionic acid 
with the urea diet fed at 12-hour intervals, as compared to the other 
two treatments, is in conflict with the finding of Knox and Ward (1961). 
60 
DISCUSSION OF EXPERIMENTAL TECHNIQUES 
Information on ruminai microbial synthesis in live animals has 
been limited because of difficulty in making valid measurements. Three 
principle difficulties have been encountered. The first has been with 
difficulty in obtaining digesta samples from ruminant animals that are 
representative of the material that is leaving the rumen. The second 
is in knowing the amount of digesta that is leaving the rumen, and the 
third is the difficulty in determining the microbial content of this 
digesta. 
The use of duodenal re-entrant cannula has made it possible to 
make total collections of the digesta leaving the stomachs before ab­
sorption has occurred. This has reduced the need to estimate flow rate 
both of liquid and solid digesta fractions which many times previously 
was inaccurately accomplished, when only a portion of the digesta was col­
lected through fistulas in various stomach compartméûts. Because of the 
possibility of fluctuation in flow rate during digesta collection periods, 
chromic oxide has been used by a number of workers as an indigestable mark­
er in order to correct the amount of digesta flowing from re-entrant can­
nula to a steady state amount. 
Nicholson and Sutton (1969) reported average recovery of chromic 
oxide in 24-hour collections of duodenal digesta of only about 87% of 
the amount administered into the rumen in the shredded impregnated 
paper form. Similar results were obtained by Harris and Phillipson 
(1962); Bruce e^ al. (1966); and Topp, Kay and Goodall (1968). This 
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indicates that collection procedures used in these experiments tended 
to depress flow rate slightly. Similar recoveries of polyethylene glycol 
and chromic oxide in duodenal collections by Nicholson and Sutton (1969) 
showed that flow of the liquid phase of digesta was reduced as much as 
that of the solid phase. In the present study recoveries were 84.2, 
96.2, 104,1 and 136.3% of that administered or fed during the digesta 
collection periods during Experiments 843 and 845-A, -B and -C, respec­
tively, Chromic oxide use was found acceptable for its specified 
purpose for Experiments 845-A and =B based on consistency and accept­
ability of the computed data on protein synthesis and ruminai digestion. 
Average recovery for these two experiments was 100%. Inconsistencies in 
the final adjusted data in Experiment 843 indicated that the method of 
administration, through rumen fistula, was unsatisfactory. The final 
adjusted data with Experiment 845-C was consistent among individual ob­
servations, However, the chromic oxide recovery results obtained were 
different than that obtained in the two preceding trials with the same 
animals. During this final experiment, digesta flow during collection 
periods was expected to be normal because feed intake had been very 
consistent and the calves were accustomed to the collection procedure. 
Thus, a human error in the procedure used in this one particular trial was 
believed to have occurred, but could not be resolved. 
Hogan and Phillipson (1960) noted that failure to return digesta 
to the duodenum during collections increased the flow rate from the 
duodenum from 514 to 848 ml/hour. Generally other researchers have 
replaced the digesta saved as a sample for laboratory analyses with an 
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equal quantity from a donor animal in order to avoid influencing flow rate. 
In the present experiments it was believed that removal of only 57, of the 
digesta as a sample would not affect flow rate. Data from Experiments 
845-A and B lend support to this assumption. 
Blockage of the cannula by feed residue was encountered many times 
during the first 3 experiments of this study. This occurrence is many 
times followed by leakage of digesta from the intestine around the cannula 
to the exterior of the calf. Horney £t a^. (1972) reported this loss of 
digesta from the calf can be sufficient enough to cause an electrolyte 
imbalance in the animal associated with intestinal stasis and loss of 
appetite. Loss of digesta in this manner must have been the cause of re­
peated blockage and associated loss of appetite at times during the 
present studies. The free choice supplementation of trace mineralized salt 
to the calves during the final experiments seemed to allow the calves to 
maintain an electrolyte balance if digesta losses occurred. Thus problems 
in this type of animal experimentation were greatly reduced. 
Bacterial protein content of digesta has been estimated most commonly 
by using the diaminopimelic acid (DAP) content of mixed rumen bacteria as 
an indicator of protein content as first described by Weller e_t al. (1958, 
1962). This amino acid has been found to be absent in feed material but a 
normal cell wall constituent of many bacteria (Weller et al., 1958). This 
method involves measuring the amount of DAP in digesta and the ratio of DAP; 
protein in mixed rumen bacteria. The amount of bacteria protein can then 
be calculated from these values. A major limitation to the use of DAP is 
that DAP is found in some rumen bacteria and not in others and not in 
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rumen protozoa (Purser and Buechler, 1966). However, Mason (1969) showed 
that the nitrogen to DAP ratio is constant in rumen contents from each 
sheep fed a given diet. Hogan and Weston (1967) used an average ratio 
of DAP;N in rumen bacteria for sheep fed widely differing diets. They 
found that levels of DAP varied between 35-46 mg/g bacterial N. They 
used an average value of 41 mg/g bacterial N in making their estimation 
of bacterial synthesis. However, bacteria samples and digesta samples 
analyzed were not from the same sheep, thus results might have been in­
accurate because it has been shown that DAP:N ratios in rumen bacteria 
vary in different sheep on the same diet (Mason, 1969). So it seems that 
to obtain the greatest accuracy, DAP;N ratio in rumen bacteria determina­
tions should be obtained for each animal on experiment for each diet 
studied. Also, the collection of a sample of bacteria that is representa­
tive of the mixed population in the rumen is important since DAP concen­
trations among bacterial species vary. 
An attempt was made initially during cue preaeac tescarcu to use a 
Technicon TSM Amino Acid Analyzer for DAP analysis. The standard program 
for analysis of physiological solutions was modified to enable separate 
measurement of methionine and DAP. However, accurate and reproducible 
measurements were not obtained. This was believed due primarily to the 
use of a sample size greater than normal to obtain a measurable DAP peak 
on the chromatogram. The Beckman amino acid analyzer, equipped with 
digital integration, later used satisfactorily for this analysis, was 
much more sensitive at low concentrations and yielded satisfactory results. 
It was observed that after analysis of a few samples with the Beckman 
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equipment, the DAP chromatogram peak increased in height above that ex-
\ 
pected, even with the standard solution, with a tailing before return­
ing to the baseline. This seemed to occur because of removal of a resi­
due of unknown nature from the column at this time. Eluding the column 
with a sodium hydroxide solution for a two-hour period, periodically, pre­
vented this occurrence. Later, investigation of the chromatograms ob­
tained with the Technicon instrument also indicated this phenomenon oc­
curred, although not so obviously, and is thus believed to be a partial 
explanation for the unsatisfactory results. To reduce error in estimating 
bacterial protein in digesta to a minimum, each bacterial sample was 
analyzed immediately preceding or following the analysis of the digesta 
sample corresponding with individual calf and experimental period. 
Aminoethylphosphonic acid (AEP) has been used in a similar manner 
to measure protozoal protein content of digesta (Ibrahim and Ingalls, 
1972). AEP has been found to be absent in feed material and bacteria, 
but a common constituent of protozoa protein (Abou Akkada a_l., 1968). 
This acid is ninhydrin positive so analysis by column chromatography can be 
performed simultaniously with DAP and other amino acid analysis (Ibrahim and 
Ingalls, 1972; Mackie, 1973). A technique using automated column chromatography 
was developed for AEP analyses by Ibrahim £t al. (1970) and used to de­
termine protozoal concentrations in rumen content. Mackie (1973) used 
this same technique and found that AEP had an elution time of 27-28 minutes 
and not 185 minutes as reported by Ibrahim al. (1970). Ibrahim et al. 
(1970) reported DL-o-phosphoserine in protozoa and rumen contents was 
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eluted at 27 minutes. However, Mackie found this compound to be destroyed 
by acid hydrolysis. From this information it seems important the position 
of the AEP peak on the chromatograph be positively determined first if 
this procedure is used. 
The decision to use AEP as an indicator to estimate protozoal 
synthesis was made during this thesis study. However, repeated attempts 
to isolate protozoa from rumen fluid, using the procedure used by Ibrahim 
et al. (1970) failed. Thus, AEP to protein ratios for the protozoa 
present in the rumen of the experimental calves could not be determined. 
Protozoal numbers at this time were approximately 1 x 10^/ml of rumen 
fluid. This is approximately 10% of the number normally present in 
rumen fluid as reported by Hungate (1966), The isolation technique 
involves incubating rumen fluid in a separatory funnel for one hour. 
Gas production during fermentation carries the feed particles to the 
surface of the fluid and the protozoa settle to the bottom and are then 
collected. However, in this study feed material settled to the bottom 
of the funnel instead of rising to the surface. W, B. Bergen^ suggested 
that the failure to separate the feed material from the protozoa may have 
been due to an insufficient fermentation capacity, as indicated by low 
protozoa numbers. This pruject was attempted using rumen fluid from 
calves fed semi-purified diets. A check on this separation technique re­
vealed that it worked satisfactorily if rumen contents from a fistulated 
cow consuming a hay and corn diet were used, 
^W. B. Bergen, Michigan State University, East Lansing; personal 
communication, 1972. 
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The work of McAllan and Smith (1969) and Smith and McAllan (1970, 
1971) suggests that nucleic acid content of rumen bacteria and protozoa 
can be used as a suitable indicator to estimate microbial content of 
digesta, McAllan and Smith (19b9) found that RNA-N;total N and DNA-N; 
total N in mixed rumen bacteria varied with different animals, diets, 
and environments studied. They stated that it appears unnecessary to 
analyze rumen bacteria in each experiment but calibration is necessary 
to establish bacterial composition for the particular animals and diet 
used in a particular environment. 
These workers reported the nucleic acid-M:total N ratios in pro­
tozoa did not appear to differ greatly from those of bacteria. They 
favored the use of RNA as compared to DNA as an indicator because in­
dividual RNA-N;total bacterial N observations showed standard deviations 
about one-half of those for the corresponding DNA ratios. However, their 
analysis for RNA is much more difficult and time consuming than their 
DNA analytical procedure. Conventional nucleic acid analytical procedures 
have not been successfully used on digesta samples (McAllan and Smith, 
1969). 
DNA analysis, using the technique of McAllan and Smith (1969), was 
performed on duodenal digesta arm bacteria samples during this thesis 
research. Samples used were from Experiment 843 in which diets were 
virtually free of natural protein, so true protein in digesta should 
have been virtually all microbial protein. Using DNA as an indicator 
of microbial protein, calculated values were only approximately 60% of 
that expected. It is believed that DNA was hydrolyzed and solubilized 
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after digesta flowed from the cannulas and before analysis was conducted. 
McAllan and Smith used digesta samples cooled immediately after collec­
tion and the analysis was initiated immediately. Digesta in the present 
study had been exposed to room temperatures for a period of time before 
freeze drying. This probably allowed for sufficient conditions to en­
able hydrolysis of the nucleic acids which would then be soluble and 
discarded during the lipid and protein extraction procedures of the 
analysis. However, I believe nucleic acids have great potential 
as indicators of microbial synthesis for this type of project. Methods 
of sample preservation following duodenal collections must be investi­
gated first, however, since analysis of samples immediately after col­
lection is impractical during this type of study. 
In addition to the technique of McAllan and Smith (1909), other 
much simpler nucleic acid analytical techniques were attempted during 
the present research work. The fluorometric method of Prasad et al. (1972) 
for determination of RNA and DWA in body tissues was attempted with 
digesta and bacteria samples. Values obtained were not reproducible due 
to incomplete homogenization of the samples. Samples in water were 
sonicated at 20 kc/sec in an attempt to disrupt the microbial cells and 
free the nucleic acids into solution. It was found that sonication 
destroyed some of the nucleic acids as reported by Marmur (1961). Methods 
to destroy bacterial cell walls to free nucleic acids such as phenol 
extraction; and lyzozyme and sodium lauryl sulfate cell wall hydrolysis 
techniques, as reported by Marmur, proved to be unsatisfactory for this 
purpose. A similar fluorometric determination for DNA in bacteria by 
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Donkersloot e± al. (1972) proved satisfactory for rumen bacteria but un­
satisfactory for digesta samples. Again the problem arose because of the 
presence of feed residue which could not be homogenized in solution. 
Physical separation of feed and microbial protein was also attempted 
during this research project. The procedure of Hellstrom and Aamisepp 
(1965) for separation of metabolic and undigested feed protein in feces 
samples was modified. Digesta samples mixed with water were sonicated 
at 20 kc/sec for 15 minutes to disrupt the bacterial cell walls which 
enables bacterial protein to remain suspended in solution. Feed residue 
was then separated from the liquid portion by centrifugation at 800 x g 
for 5 minutes or sedimentation for 15 minutes. Five ml of the super­
natant was removed, combined with 5 ml of 12 N HCl, hydrolyzed for 24hours 
at 110°C and then analyzed for total amino N by the procedure of Gehrke 
and Wall (1970). Digesta samples from calves fed semi-purified diets were 
again used, in order to check the technique. Virtually all the protein 
in these samples should have been retained in the supernatant after sonica-
tion. The use of the above technique resulted in measurements of ap­
proximately 60-70% of expected values when sonicated samples were cen-
trifuged and 80-90% when sedimented. Reproducibility of results also 
was quite poor. These results suggested that bacteria cell wall? were 
not completely disrupted by the sonication process. Thus, this method was 
not used for routine estimations. 
The procedure of Neudoerffer e_t (1971) for separation of intesti­
nal digesta into soluble, mocrobial and particulate (feed material) frac­
tions by sucrose gradient layer centrifugation was also attempted. During 
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attempts to use this procedure during the present study, all non-soluble 
material passed completely through the sucrose layers during centrifuga-
tion with no separation occurring, even when more concentrated layers or 
less centrifugal force was used. The failure of this technique cannot 
be explained at this time. 
Another area in which the choice of analytical technique is im­
portant is in measuring protein content of digests. Crude protein 
(N X 6.25) content in digesta gives a measure of amino acids, nucleic 
acids, ammonia, urea plus other minor nitrogenous compounds. Crude 
protein determinations for digesta have been used in many experiments 
in order to make relative comparisons in the amount of protein supplied 
to the animal by different dietary treatments, since true protein 
(amino acids) is the principle nitrogenous compound in digesta. How­
ever, on an absolute basis to determine the supply of amino acids or 
true protein supplied to the host animal, crude protein is an inaccurate 
estimate. 
Smith (1969) reported that 80% of the nitrogen in bacteria is in­
corporated in proteins and amino acids and 20% is incorporated in nucleic 
acids. He also reported that nucleic acid N entering the duodenum com­
prised 8-13% of the total N with many natural diets. 
The ninhydrin reaction after hydrolysis of proteins to free amino 
acids (Block and Weiss, 195b) can be used to estimate total amino acids 
or true protein. However, this reaction also occurs with ammonia which 
is in significant concentrations in ruminai and duodenal digesta, es­
pecially when a high level of urea is fed. 
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Hume (1970a,b), Hume et £l. (1970) and Hume and Bird (1970) used 
tungstic acid (TA)-precipitated N multiplied by 6.25 (Winter, Johnson and 
Dehority, 1964) as a measure of the true protein content of digests. 
Since these workers fed virtually protein free diets, the proportion 
of protein (TA-precipitable) to non-ammonia crude protein in omasal di-
gesta samples should be similar to that of rumen microorganisms. Calcu­
lations using their data reveal that TA-precipitated protein content varied 
between 82 and 92% of the total non-ammonia crude protein in the omasal 
digesta. The average value here seems to be close to the anticipated 
proportion of true protein in the digesta; however, the variability en­
countered leaves the accuracy of this method still open to question. 
In this thesis study, 2,4,6 trinitrobenzene sulfonic acid (TNBS) 
reaction with a-amino nitrogen in hydrolyzed samples was used to 
estimate colorimetrically the true protein content of digesta and bac­
teria samples. This corûDùuud does riot react with ammonia and urea. 
Casein of known protein content was used as a standard. In Experiment 
843 ammonia N was determined in digesta samples and subtracted from total 
N values. The resulting figures should represent the microbial N content 
of digesta since other forms of N would be present in minute quantities 
when protein-free semi-purified diets were fed. Estimates of true pro­
tein N in these digesta samples was found to average approximately 94% 
(range 91.b - 97.2%) of these non-ammonia N levels. Since the majority 
of the protein in these samples was of microbial origin these percentages 
should be similar to that of the percentage of true protein N and amino 
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acid N to total N in rumen microbes. Since others have shown that only 
80% of the total N in rumen bacteria is in the form of proteins or amino 
acids, it is apparent that the actual true protein content of digesta 
samples collected throughout this thesis research is less than esti­
mated with the TNBS method. The actual values are believed to be ap­
proximately 907o of the estimated values. The tungstic acid-precipitable 
protein measurement used by Hume ^  1970, may be a more suitable estimate 
for the true protein content of digesta in this type of experimentation. 
An additional alternative would have been to quantitatively measure 
each amino acid individually by column chromatography during the diamino-
pimelic acid analysis and then use the total sum of amino acids measured. 
However, this approach is much more time consuming and was not performed 
during this research because of limited time allotment with the auto­
mated amino acid analyzer used. 
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GENERAL DISCUSSION 
The results reported in this thesis indicate that the amount of 
ruminai bacterial synthesis varies between 13 and 20 g per 100 g of 
organic matter digested in the rumen and between 6.7 and 12,0 g per 
100 g of dry matter intake by the animal. An evaluation of the data com­
piled suggests the amount of bacterial protein synthesis in the calves 
studied may have been somewhat overestimated. An inherent error in the 
analysis for true protein, which was discussed in the preceding section 
of this thesis, makes the estimates reported for both total digesta 
protein and bacterial protein approximately 10% higher than actual 
values. When the cob diet, which was low in protein content, was fed in 
Experiment 845-A, results show bacterial protein constituted 87% of the 
total protein in digesta. A portion of the remaining protein was contrib­
uted by abomasal secretions and tissue debris as well as the possibility 
of some of the dietary protein. Thus, it is apparent that very little 
protozoal protein passed from the rumen during these experiments. So 
the values reported for. bacterial protein synthesis in this thesis are 
probably close to or somewhat higher than the actual amount of total 
microbial protein synthesis that occurred in the rumens of the calves 
studied. 
Generally researchers have shown that approximately 50-80% of the 
nitrogen entering the intestine of ruminants fed natural diets is of mi­
crobial origin (Smith, 1969; Smith and McAllan 1970, 1971; Weller etal. 196 2; 
and Hutton_etal. (197L). The feeding of natural diets, containing adequate 
protein for growth, during the present study resulted in a corresponding 
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estimated value of 81% with low and medium levels of feed intake, and 
697c, with a high level of intake. 
The average values for bacterial or microbial protein synthesis per 
100 g of organic matter apparently digested in the rumen reported by 
other workers making vivo studies, and those obtained during this 
research project are listed in Table 16, All values are listed on an 
estimated true protein basis. An average value of 15.9 g obtained during 
the present study compares closely with an overall average value of 15.5 g 
from the research by others. 
Values for the percentage of dietary organic matter apparently di­
gested in the rumen are also listed in Table 16. The degree of digestion 
obtained in the present study was less than that found by others. Vari­
ations were large in all studies even with similar diets. 
Multiplying coefficients of organic matter digestion in the rumen by 
the corresponding values for protein synthesis per 100 g organic matter 
digested gave microbial protein synthesis per 100 g organic matter intake 
by the animal. The average is 8.7 g for the experiments during the 
present study and 9,8 calculated from the research by others. These 
values are higher than the 5.12 g per 100 g concentrate dry matter in­
take estimated by Burroughs _et al. ( 1971b^ , making use of nitrogen balance 
and slaughter experiments with cattle while feeding NPN diets and low-
protein diets supplemented with urea. 
Elimination of protozoa from rumen fluid has been observed to be 
associated with decreased ammonia concentrations and increased bacterial 
numbers in rumen fluid with the feeding of purified diets (Virtanen, 1966), 
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Table 16, Ruminai microbial protein synthesis and OM digestion 
Major Major N Protein % apparent 
carbohydrate source synthesis OMD in 
References source g/lOOg OMD rumen 
Hogan and Weston (1967) mixed natural 12. 2" 56. 4 
Hogan and Weston (1969) hay hay 18. 6^ 
Hume et al, (1970) purified urea 13. 3 67. 0 
Hume et al. (1970) purified zein,casein 22. 9 60. 9 
Mathison and Milligan (1971) barley barley 13. 8 85. 0 
Hay hay 10. 6 70. 0 
Hogan and Weston (1971) treated straw urea 18. 0^ 66, .1 
Orskov et al. (1971) mixed urea 12. 5 
Lindsay and Hogan (1972) hay hay 19. 5^ 40. ,5 
Ibrahim and Ingalls (1972) mixed mixed 13. 4^ 
Average 15. ,5 6 3, .7 
Experiment 845-A corn corn and urea 20. ,1 62, .9 
cob^ urea or SBM 12. ,9 53, .8 
Experiment 845-B corn corn + SBM 16, .5 53 .0 
Experiment 843-C mixed urea 14, .2 49 .7 
Experiment 845 - average 15, _9 5/| .8 
^Assumed bacterial true protein, is equal to 80% of bacterial crude 
protein (Smith, 1969), 
^Assumed 60% of feed digested in the rumen (Nicholson and Sutton, 
1969). 
^Four of 6 individual observations. 
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This suggests that protozoa inhibit bacterial numbers. An instance of 
a small number of protozoa, (2.4 x lO^/ml), and increased bacterial pro­
tein synthesis occurred during the present studies. Protozoa counts 
generally varied between 2.4 x 10^ and 9.2 x 10^/ml. The lower counts 
indicated less protozoa were in the rumen than when cattle were fed under 
more conventional feeding conditions. However the higher counts were 
similar to maximum counts reported for rumen contents (Klopfenstein £t 
al. (1966) and for normally fed cows (Virtanen, 1966). 
"The rate at which a feed is consumed rarely exceeds the capacity of 
the rumen bacteria to attack most of it, except when extreme inanition is 
followed by sudden ingestion of normal rations" (Hungate, 1966). Results 
from the present studies are in general agreement with this statement on 
the basis that increasing levels of feed intake had very little affect 
on the percentage digested in the rumen. Because of similar efficiency 
of bacterial synthesis during this fermentation, it is believed that the 
level of feed intake is not generally an important consideration in esti­
mating the amount of microbial protein synthesized per unit of feed intake 
by calves fed at frequent intervals. 
An absence of protozoa in rumen fluid has been found to be associated 
with the ad 1ibrturn feeding of highly processed feeds, such as flaked 
maize (Phillipson, 1952), barley cubes (Eadie et al., 1970) and pelleted 
or finely ground feeds (Christiansen, 1963). Limited feeding resulted in 
the maintenance of a protozoa population during these studies. On the 
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basis of the limited evidence discussed earlier, relating to the 
elimination of protozoa from the rumen, the level of feed intake may be 
an important factor on the amount of bacterial protein synthesized per 
unit of intake when highly processed diets are fed. The degree of 
processing of a feed may influence the amount of microbial protein 
synthesis due to the influence on rate of passage, digestibility, and 
microbial populations. 
Generally research has indicated that defaunating ruminants is not 
beneficial and may be actually detrimental to the performance of the 
animal. A need for protozoa in the protein nutrition of the animal was 
suggested by Abou Akkada and el-Shazly (19b5) who reported increased ni­
trogen retention in faunated lambs when compared to defaunated animals. 
The contributions of protozoa to the animal are believed to result from 
an influence on volatile fatty acid metabolism (Christiansen, 1963) and 
increased microbial protein quality and digestibiliLy (McNaueht et al.. 
1954; Klopfenstein e_t £l., 1966). However, if additional bacterial pro­
tein is synthesized as a result of defaunating, this may more than com­
pensate for any contributions of protozoa to an animal in a protein limited 
state. So the additional protein synthesized during this experiment, 
when protozoa were virtually absent, may not normally occur in defaunated 
animals or has not occurred in previous research with defaunated animals. 
The increased bacterial synthesis observed in that instance in the 
present work may have been due to the presence of a more efficient bac­
terial population. This may or may not have been due to the absence 
of protozoa. E. 0. Otchere^ repeatedly measured high amounts of protein 
and low amounts of non-protein organic matter passage from the abomasum 
during studies involving feeding flaked corn. This indicates a high 
degree of ruminai digestion and protein synthesis. A low rumen pH and 
protozoa number, similar to that recorded with a large amount of 
bacterial protein synthesis in the present study, may have existed in 
his calves as a result of processing the grain before feeding. 
The results of this study indicate the carbohydrate makeup of feeds 
influences the amount of bacterial protein synthesized per unit of feed 
fermented in the rumen. The carbohydrate makeup of a feed consumed is 
related to the ratios and amounts of different volatile fatty acids pro­
duced in the rumen. The amount of bacterial protein synthesis in the 
rumen during the present studies was found to be directly related to the 
proportion of propionic acid in the total VFA pool in the rumen. This 
relationship was also observed by Ishaque £l. (1971), who explained 
uuiù Ou the basis LhaL ptopiouic acid-producing bacteria were more ef­
ficient in utilizing the energy from fermentation for cellular growth, 
as had been shov/n for several species of these bacteria during in vitro 
experiments by other workers. The present study shows this hypothesis 
is only a partial explanation. Propionic acid proportion in rumen fluid 
was also observed to be directly related to the degree of fermentation 
or the amount of energy made available for bacterial synthesis. Butyric 
^E. 0, Otchere, Nutritional Physiology Section, Animal Science De­
partment, Iowa State University, Ames, Iowa, personal communication, 1973. 
acid proportion in the rumen VFA pool was also observed to be inversely 
related to the amount of protein synthesis by the same means. Acetic 
acid may also be inversely related. 
The data from these studies indicate urea is utilized more effi­
ciently for bacterial growth and rumen fermentation of slowly fermentable 
diets if the total diet contains an insufficient amount of urea and is 
consumed periodically throughout the day as compared with twice a day in­
take of feed. Processing urea and grain with heat and pressure can, when 
insufficient urea is fed, also increase its efficiency of utilization. 
Further research needs to be conducted to see if the methods of feeding 
urea found beneficial in this study will also be beneficial for yield­
ing increased bacterial synthesis if urea levels in greater amounts are 
fed and other conditions remain constant. 
The information compiled during this thesis study emphasizes that 
the choice of experimental techniques to use during this type of research 
is very important. Further refinement of these techniques is rieedeu Lo 
reduce experimental error to a more acceptable level. There is also un­
certainty as to how closely the information on microbial synthesis and 
ruminai digestion measured under the experimental conditions of this 
and other studies represents that occurring under conventional feeding 
conditions. Different microbial populations can be found within ruminants 
raised in different environments (Warner, 1965). In vitro data reported 
has shown that species of bacteria vary in their efficiencies to digest 
organic matter and synthesize cellular protein (Hungate, 1966). The 
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presence and possibly species of, protozoa also has an influence on 
the efficiency of bacterial synthesis. An influence of changing micro­
bial populations is believed to be an important factor in the amount of 
bacterial synthesis that resulted in the study with differing dietary 
ingredients during the present research. So any conditions that result 
in an abnormal microbial population in the rumen could significantly af­
fect the amount of microbial protein synthesis. 
The effect of fistulation and cannulation on the digestive physiology 
of animals has also been the subject of debate. Comparisons of digestion 
in fistulated ruminants with that in intact ruminants have yielded con­
flicting results (Hayes_et al., 1964). The effect of cannulation on the rate 
of passage of digesta through the rumen is not known. During the present 
calf experiments, it was believed an electrolyte imbalance resulted from 
digesta loss after cannula blockage. An electrolyte imbalance causes di­
gestive tract stasis which decreases rate of passage of digesta. Ac­
cording to Dukes (1955) a slight decrease in the electrolyte content 
of the plasma may lead to water diuresis. This could conceivably af­
fect dilution rates in the rumen which has been shown in ^  vitro studies 
by Hobson (1965) to influence the amount of microbial synthesis. The 
extent to which these physiological abnormalities occurred during the 
digesta collection periods and the effect on microbial protein synthesis 
is not known. 
The results of this study suggest that microbial protein synthesis 
in the rumen can be quite variable and changes in the makeup of the rumen 
microbial population may be largely responsible. One incident was 
observed in which microbial synthesis was nearly twice that normally 
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measured during these experiments. The quantity of protein of microbial 
origin that passed into the intestine in that instance is believed to be 
in excess of the total protein requirement of the calf for maintenance 
and maximum growth. If this observation was valid and not an artifact 
it seems conceivable that through artificial manipulation of the rumen 
environment we may be able to increase the quantity of microbial protein 
produced and utilized by ruminants in productive situations. This 
would enable ruminants to utilize more non-protein nitrogen and poor 
quality forage and reduce the necessity of feeding these animals high 
quality protein and concentrate feeds which are needed for human and other 
livestock consumption. 
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